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1 SUMMARY 

A computer program is described which is e s p e c i a l l y  s u i t e d  f o r  making 
v i b r a t i o n  and buckl ing  c a l c u l a t i o n s  f o r  p r e s t r e s s e d  l a t t i c e  s t r u c t u r e s  t h a t  
might be used f o r  space  a p p l i c a t i o n .  S t r u c t u r e s  having  r e p e t i t i v e  geometry 
are treated i n  a very e f f i c i e n t  manner. Detailed i n s t r u c t i o n s  f o r  data i n p u t  
are g iven  a long  wi th  s e v e r a l  example problems i l l u s t r a t i n g  the use and 
c a p a b i l i t y  of the  program. 

2 INTRODUCTION 

BUNVIS-RC (Buckl ing  o r  Natural  V I b r a t i o n  of Space frames wi th  R e p e t i t i v e  
Geometry) is a FORTRAN 77 computer program wi th  approximate ly  11,000 l i n e s  of 
coding ,  which uses t h e  s t i f f n e s s  matrix method and e x a c t  member theory .  I t  
f i n d s  t h e  e igenva lues ,  i .e. the  c r i t i c a l  l oad  f a c t o r s  i n  buckl ing  problems o r  
t h e  n a t u r a l  f r e q u e n c i e s  i n  undamped v i b r a t i o n  problems, w i t h  t h e  o p t i o n  of 
f i n d i n g  t h e  cor responding  mode shapes. I t  cove r s  three-dimensional frames 
c o n s i s t i n g  of uniform beam-column members and/or t a u t  s t r i n g s .  S p e c i a l  care 
has been t aken  t o  account f o r  r i g i d  body modes and p r e s t r e s s i n g ,  so  t h a t  
frames i n  space  can be analyzed. An o p t i o n a l  s t a t i c  a n a l y s i s  p rov ides  t h e  
i n t e r n a l  member f o r c e s  t h a t  are  needed by the  e igenva lue  a n a l y s i s .  The 
e igenva lue  r e s u l t s  are exact i n  the s e n s e  t h a t  t he  beam-column member 
e q u a t i o n s  used were ob ta ined  by so lv ing  t h e  governing d i f f e r e n t i a l  equa t ions  
of Timoshenko theory  t o  a l low for the  effects of a x i a l  f o r c e  and shear 
d e f l e c t i o n s  and, a d d i t i o n a l l y  i n  v i b r a t i o n  problems, of d i s t r i b u t e d  mass and 
d i s t r i b u t e d  r o t a t o r y  i n e r t i a .  Dramatic computational s a v i n g s  can  o f t e n  be 
o b t a i n e d  by u s i n g  t h e  exac t  r e p e t i t i v e  geometry and s u b s t r u c t u r i n g  f e a t u r e s  of 
t he  program. The former enab le s  s t r u c t u r e s  which are r e p e t i t i v e  i n  any number 
of c o o r d i n a t e  d i r e c t i o n s ,  inc luding  r o t a t i o n a l  p e r i o d i c i t y ,  t o  be treated by 
s o l v i n g  an  e igenvalue  problem of the s i z e  a s s o c i a t e d  w i t h  t h e  r e p e a t i n g  
p o r t i o n  of t he  s t r u c t u r e .  

BUNVIS-RG has been developed from the  ear l ie r  program BUNVIS ( ref .  1 1 ,  
which was n o t  made g e n e r a l l y  a v a i l a b l e  a l though i t  is  a well tested research 
program which was developed a t  UWIST (The Unive r s i ty  of Wales I n s t i t u t e  of 
S c i e n c e  and Technology) and has been used f o r  s e v e r a l  yea r s  bo th  there and a t  
t h e  NASA-Langley Research Center .  BUNVIS-RC was p r i n c i p a l l y  developed a t  
Langley, w i t h  c o l l a b o r a t i o n  from UWIST, by adding  r e p e t i t i v e  geometry and many 
p r a c t i c a l  features, such  as t h e  preliminary s t a t i c  c a l c u l a t i o n s ,  au tomat ic  
node renumbering t o  reduce bandwidth, a ''user f r i end ly ' '  data p r e p a r a t i o n  
scheme, p l o t t i n g ,  f l e x i b l e  j o i n t s ,  and o f f s e t  connec t ions  a t  nodes. A l l  such  
f e a t u r e s  are treated exactly f o r  eigenvalue problems, whereas convent iona l  
f i n i t e  element programs u s u a l l y  make some approximations u n l e s s  a d d i t i o n a l  
nodes are added. 

* 
BUNVIS-RC is available t o  US users from COSMIC , and t o  o t h e r  u s e r s  from 

t h e  second au tho r .  The p r i n c i p a l  aims of t h i s  manual are t o  describe t h e  
program's c a p a b i l i t i e s  and t o  present t he  use r  i n s t r u c t i o n s  necessary  f o r  its 
a p p l i c a t i o n .  Example problems are g iven  t o  i l l u s t r a t e  s p e c i f i c  i n p u t  
requi rements  and t iming  estimates as a f u n c t i o n  of problem s i z e  are  developed. 
To avo id  obscur ing  t h e  primary aim of t he  manual, t h e  novel a s p e c t s  of t h e  
theo ry  are  g iven  i n  s e p a r a t e  pub l i ca t ions  which are cross- re ferenced .  

*COSMIC, Computer S e r v i c e s  Annex, Un ive r s i ty  of Georgia,  Athens, CA, 30602 



3 M A I N  FEATURES OF BUNVIS-RC 

BUNVIS-RC uses exact member theory for  beams and taut  cables which 
accounts f o r  distributed mass and axial  force correctly,  and f i n d s  selected 
eigenvalues by using a theoretically established algorithm ( re fs .  2 - 4 )  which 
ensures that  none are  missed. The algorithm involves a s t i f fnes s  matrix that  
is a function of t h e  eigenparameter, i .e. of the frequency or load factor .  
Gauss elimination is applied t o  t h i s  matrix a t  a t r i a l  value of the 
eigenparameter to enable the algorithm to  determine the number of eigenvalues 
exceeded, and t h i s  is repeated for  successive t r i a l  values of the 
eigenparameter. I n  previous applications these t r i a l  values have often been 
chosen by a bisection routine. However, BUNVIS-RC has a new accelerated 
convergence routine which uses the determinant of the s t i f f n e s s  matrix and 
which retains  the certainty of the algorithm while being about twice as f a s t  
as bisection. The program can account for  the e f fec ts  of axial  forces on the 
flexural vibrations of members, s o  that natural frequencies can be found for  
loaded structures. The axial  forces can be given as data,  or can be found 
from preliminary s t a t i c  calculations which include the combined effects  of 
external loads applied a t  the nodes ( i .e .  j o i n t s ) ,  acceleration such as 
gravity and axial member preloads or prestrains. BUNVIS-RC can allow for: any 
topology of a three-dimensional frame; rotatory ine r t i a  and shear deflection 
of members; unequal principal second moments of area of cross-sections of 
members with arbitrary alignment of principal axes; generally tapered members 
wi th  varying axial load; e l a s t i c  connections between members and nodes; offset  
connections between members and nodes; cylindrical  or Cartesian coordinates; 
and nodes which have lumped masses and/or lumped rotatory iner t ias  and/or 
e l a s t i c  or  r i g i d  supports. I n  addition, BUNVIS-RC can: f i n d  buckling or 
vibration mode shapes; plot such mode shapes and the undeflected shape of the 
frame; give greatly reduced solution times fo r  s t ructures  which a re  l inear ly  
and/or rotationally repet i t ive;  include members w i t h  any combination of 
stepped and smoothly varying properties by a general substructuring 
capability; and include stayed columns i n  a frame by using a special purpose 
b u t  very eff ic ient  substructuring capability. The remainder of t h i s  section 
gives de ta i l s  and references where needed to  define the theoretical  aspects of 
the above features. An important contrast w i t h  f i n i t e  element programs is 
that exactness is retained by a l l  these features (except for  the general 
tapered route where the member is approximated by a user selected number of 
uniform elements t o  generate a s e t  of substructure s t i f fnesses  for  the 
complete member). There is no need t o  introduce extra nodes o r  members even 
for  the highest eigenvalues because the member theory retains  the in f in i t e  
number of degrees of freedom, and hence of eigenvalues, of the rea l  structure.  

3.1 Member Theory 

The member equations used a re  the classical ly  exact ones obtained by 
solving the appropriate d i f fe ren t ia l  equations. The s t i f fnes s  coefficients 
which resu l t  are functions of the axial  force i n  the member, and are  a lso 
functions of frequency i n  vibration problems. The expressions used for  the 
s t i f fnes s  coefficients of a tau t  s t r i n g  a re  those given i n  reference 5. The 
remaining s t i f fness  coefficients are  essentially those given i n  references 6 
and 7 for  vibrations of an axial ly  loaded Timoshenko beam. These have the 
data triggered option of omitting any combination of frequency, axial  force, 
rotatory iner t ia  and shear deflection. Thus s t a t i c  and Bernoulli-Euler 
s t i f fnesses  are included. 

. 
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3.2 Convergence on  Eigenvalues  

BUNVIS-RG can  f i n d :  a s e t  of da ta-spec i f ied  e igenva lues ,  such  as the  
f i rs t  and the  t h i r d ,  where the f i r s t  is the  fundamental;  a l l  e igenva lues  
between s p e c i f i e d  va lues  of t h e  eigenparameter ,  e.g. t o  f i n d  a l l  t h e  n a t u r a l  
f r e q u e n c i e s  i n  a f requency  band; o r  t he  number of e igenva lues  (and hence the  
modal d e n s i t y )  i n  each of t he  equal  i n t e r v a l s  between even ly  spaced v a l u e s  of 
the eigenparameter .  The o p t i o n s  a l l  u se  t h e  theore t ica l ly  proven algorithm 
described above, t ha t  gua ran tees  successfu l  convergence on a l l  t h e  r e q u i r e d  
n a t u r a l  f r e q u e n c i e s  of (dead)  loaded s t r u c t u r e s  ( re f .  21 ,  or  on t h e  c r i t i c a l  
l o a d  factors of s t r u c t u r e s  sub jec t ed  t o  a dead ( i . e .  c o n s t a n t )  load system and 
t o  a l i v e  l o a d  system which i s  sca led  by t h e  load  factor  ( i . e .  p r o p o r t i o n a l  
l oad ing)  (ref.  3). The s i m p l e s t  rou te  i n  BUNVIS-RG assumes t h a t  t h e  dead o r  
l i v e  load sys tems can be approximated adequa te ly  by t h e  a x i a l  f o r c e s  which 
they  cause  i n  t h e  members, and tha t  these a x i a l  forces are known a p r i o r i  and 
c o n s t i t u t e  t he  dead and l i v e  load data.  The a l t e r n a t i v e  r o u t e s  i n v o l v e  the  
s t a t i c  c a l c u l a t i o n s  descr ibed i n  s e c t i o n  3.3. 

3.3 S t a t i c  Loading, Inc luding  Prestress and Acce le ra t ion  

For buckl ing  and v i b r a t i o n  problems, B U N V I S - R G  can c a l c u l a t e  t h e  dead 
load a x i a l  f o r c e s  caused i n  t h e  members by any combinat ion of e x t e r n a l l y  
a p p l i e d  s t a t i c  p o i n t  f o r c e s  and moments a t  the  nodes,  a x i a l  p re load  o r  
p r e s t r a i n  i n  t h e  members, and a c c e l e r a t i o n  loads such  as t h o s e  due  t o  g rav i ty .  
T h i s  i s  done by r e p l a c i n g  t h e  preloads,  p r e s t r a i n s  and a c c e l e r a t i o n  f o r c e s  by 
e q u i v a l e n t  s t a t i c  p o i n t  f o r c e s  a t  t h e  nodes,  adding these t o  t h e  e x t e r n a l l y  
a p p l i e d  forces a t  the  nodes,  and then s o l v i n g  by t h e  u s u a l  s t a t i c  s t i f f n e s s  
m a t r i x  method. The l i v e  l o a d  a x i a l  forces can b e  found s i m i l a r l y ,  except  t h a t  
a c c e l e r a t i o n  is not  included.  

Such p re load  and p r e s t r a i n  c a l c u l a t i o n s  i n  effect  assume t h a t  the 
s t r u c t u r e  is assembled w i t h  the preloads and p r e s t r a i n s  i n  i ts  members given 
by data  and i ts  nodes clamped, and tha t  t h e  nodes are  then  released t o  
d i s t r i b u t e  t h e  p r e s t r e s s  through the s t r u c t u r e .  Grav i ty ,  or any other 
a c c e l e r a t i o n  l o a d i n g  of a s t r u c t u r e ,  i s  accounted for  by s h a r i n g  t h e  mass of 
each member or s u b s t r u c t u r e  according t o  i ts c e n t e r  of g r a v i t y  l o c a t i o n  
between t h e  nodes a t  i ts  ends and convert ing t o  f o r c e s  by us ing  t h e  
a p p r o p r i a t e  a c c e l e r a t i o n .  
components i n  t h e  three p r i n c i p a l  coord ina te  d i r e c t i o n s  s o  t h a t  a c c e l e r a t i o n  
i n  any  d i r e c t i o n  can be treated. 

The a c c e l e r a t i o n  is s p e c i f i e d  by g i v i n g  i ts  

The s t a t i c  s t i f f n e s s  m a t r i x  is  a f u n c t i o n  of the  i n i t i a l  a x i a l  f o r c e s  i n  
t h e  members, which a re  s u p p l i e d  as data. 
forces a re  g iven  i n  data they  a r e  added t o g e t h e r  w i t h  t h e  l a t t e r  scaled by t h e  
i n i t i a l  load f a c t o r .  Hence the  most accurate results a re  ob ta ined  when these 
a x i a l  f o r c e s  are  c l o s e  approximations t o  t h e  f i n a l  a x i a l  forces i n  t h e  
members. 

When dead load  and l i v e  l o a d  a x i a l  

The s t a t i c  load ing  c a l c u l a t i o n s  should a l t e r  the  dead and l i v e  l o a d  
a x i a l  f o r c e s  i n  members w i t h i n  a s tayed column s u b s t r u c t u r e  from those  given 
i n  da ta ,  bu t  a t  p re sen t  t h i s  c a l c u l a t i o n  is not  performed. 
load on  t h e  s t a y e d  column is ca lcu la t ed  and could be used t o  f i n d  t h e  a x i a l  
forces i n  i t s  members, e.g.  by a s e p a r a t e  BUNVIS-RG run . )  

(However, t h e  end 
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3 . 4  Dead Load and R ig id  Body Modes 

I t  is meaningless t o  f i n d  n a t u r a l  f r e q u e n c i e s  of a buckled s t r u c t u r e  
us ing  l i n e a r  theory ,  and s i m i l a r l y  t he  a lgo r i thm used ( r e f .  3 )  t o  f i n d  
c r i t i ca l  buckling l o a d s  of s t r u c t u r e s  s u b j e c t e d  t o  dead and l i v e  l o a d i n g  pre- 
supposes tha t  t h e  s t r u c t u r e  is s table  when t h e  dead l o a d  is a p p l i e d  a lone .  
The re fo re ,  fo r  both v i b r a t i o n  and buckl ing  problems, a p re l imina ry  c a l c u l a t i o n  
is performed which uses  t h e  a lgo r i thms  of r e f e r e n c e s  2 and 3 t o  check tha t  t h e  
s t ructure  is s t a b l e  under t he  dead l o a d  a lone .  T h i s  check can  f a i l  when r i g i d  
body freedoms ex i s t ,  u n l e s s  p r e c a u t i o n s  are taken .  The re fo re ,  BUNVIS-RG 
a l lows  a s i n g l e  da t a - spec i f i ed  small s t i f f n e s s  (SMASPR) t o  be added (af ter  
a p p r o p r i a t e  s c a l i n g ,  see s e c t i o n  4 . 6 . 4 )  t o  a l l  three t r a n s l a t i o n a l  freedoms a t  
eve ry  node of t h e  structure.  S u i t a b l e  c h o i c e  of t h i s  s t i f f n e s s  l e a v e s  t h e  
e igenva lues  e s s e n t i a l l y  u n a l t e r e d ,  w h i l e  r e p l a c i n g  t h e  r i g i d  body modes by 
ve ry  low e igenvalues  which need n o t  be computed. However, t h e  presence  of 
even q u i t e  small implied e x t e r n a l  l o a d s  a t  t he  nodes must then  be avoided 
because they  could make t h i s  structure uns t ab le .  Such l o a d s  would r e s u l t  i f  
t he  dead load a x i a l  f o r c e s  are n o t  c l o s e  enough t o  be ing  i n  equ i l ib r ium a t  the  
nodes. T h i s  happens i f  t h e  axial  f o r c e s  used are those  g iven  i n  data, and the  
f o r c e s  and/or geometry are  n o t  g iven  t o  h igh  accuracy. I t  would a l s o  u s u a l l y  
happen i f  t he  a x i a l  f o r c e s  are c a l c u l a t e d  by the  program (see s e c t i o n  3 . 3 )  
because such c a l c u l a t i o n s  i n c l u d e  t h e  shear f o r c e s ,  so  t h a t  t h e  a x i a l  f o r c e s  
a l o n e  w i l l  not u s u a l l y  be  i n  equ i l ib r ium a t  t h e  nodes. 

To avoid t h i s  s t a t i c  i n s t a b i l i t y  problem, the program has three o p t i o n s  
which may be employed f o r  structures t h a t  have r i g i d  body degrees of freedom. 
The cho ice  depends on t h e  t y p e  of s t r u c t u r e .  For a s t r u c t u r e  t h a t  i s  
redundant ,  and is no t  a mechanism when modeled as a p in  connected truss, the  
S t a t i c  a n a l y s i s  may be performed on t h i s  basis  t o  y i e l d  axial  f o r c e s  t h a t  are 
i n  e q u i l i b r i u m .  If t h e  u s e r  is sa t i s f i ed  t h a t  these f o r c e s  d i f f e r  very l i t t l e  
from those  found us ing  t h e  f u l l  member s t i f f n e s s e s ,  t h e  e r r o r  i n  t h e  
subsequent eigenvalue c a l c u l a t i o n  based on t h e  f u l l  member s t i f f n e s s e s  should  
be sma l l .  I f  t h i s  approach is no t  s u i t a b l e  but  shear f o r c e s  from t h e  stress 
a n a l y s i s  a re  reasonably small, an a l t e r n a t i v e  approach is t o  s p e c i f y  a small 
q u a n t i t y  (PDELTA) i n  t he  inpu t  which i n c r e a s e s  a l l  t e n s i o n  l o a d s  and decreases 
a l l  compression l o a d s  by PDELTA times their  c o r r e c t  va lues .  
PDELTA can  be found t h a t  w i l l  r e s u l t  i n  a n e t  t e n s i o n  a c r o s s  t h e  s t r u c t u r e ,  no 
i n s t a b i l i t y  w i l l  occur.  
expressed as a r a t i o  t o  t h e  c o r r e c t  e igenva lue  is  u s u a l l y  less than  PDELTA. 
For some s t r u c t u r e s ,  l a r g e  shear f o r c e s  are r e q u i r e d  t o  provide  equ i l ib r ium 
and n e i t h e r  of t h e s e  approaches would work. For t h i s  case, the  program has 
t h e  o p t i o n  of adding  t h e  effect  of s t a t i c  member shear f o r c e  t o  i ts usua l  
member equations ( refs .  6 ,  7 ) ,  which a l r e a d y  a l low f o r  t h e  s t a t i c  axial  f o r c e .  
To do t h i s ,  the t e rms  f Q / L  a re  added i n  a p p r o p r i a t e  l o c a t i o n s  of the member 
s t i f f n e s s  matrix, where Q is the  s t a t i c  shear f o r c e  and L is t h e  l e n g t h  of t h e  
member. For buckling problems, Q i n c l u d e s  the l i v e  load  scaled by t h e  c u r r e n t  
v a l u e  O f  the  load  f a c t o r .  The t h e o r e t i c a l  basis  of t h e  a d d i t i o n s  t o  t h e  
s t i f f n e s s  matrix can be  deduced by f a i r l y  s imple  arguments, o r  can be deduced 
more r igo rous ly  from r e f e r e n c e  8. 
does no t  remove t h e  s t a t i c  i n s t a b i l i t y  i n  a l l  cases and should  be used w i t h  
cau t ion .  Since i n t e r n a l  l o a d s  of s t ayed  column s u b s t r u c t u r e s  a re  not  
recovered  f r m  t h e  stress a n a l y s i s  t o  be used i n  subsequent e igenvalue  
a n a l y s i s ,  a similar c o r r e c t i o n  is made i n v o l v i n g  the  change i n  axial  l o a d  t h a t  
was determined from t h e  stress a n a l y s i s .  

I f  a v a l u e  of 

The e r r o r  i n  any e igenvalue  c a l c u l a t e d  t h i s  way when 

T h i s  approach is an approximation which 
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3.5 Mode F ind ing  

Modes are found by a random force v e c t o r  method. T h i s  method is the 

i t R $ o n s i s t s  of s o l v i n g  t h e  equat ions  ( s t i f f n e s s  ma t r ix  of  t he  s t r u c t u r e )  x 
(d isp lacement  v e c t o r )  = ( f o r c e  v e c t o r ) ,  wi th  t h e  e lements  of the  f o r c e  v e c t o r  
g iven  random v a l u e s  and with t h e  s t i f f n e s s  m a t r i x  e v a l u a t e d  a t  a c l o s e  
approximation t o  t h e  e igenvalue .  When mode shapes  are c a l c u l a t e d  f o r  s e v e r a l  
c o i n c i d e n t  e igenva lues ,  the program f i n d s  a mode f o r  each by t h e  expedient  of 
u s i n g  a d i f f e r e n t  random f o r c e  vec tor  i n  each case. 

method" which was advocated and e v a l u a t e d  i n  r e f e r e n c e  9. B r i e f l y  s ta ted ,  

3.6 Use of Core Storage and Resequencing of Nodes 

BUNVIS-RC is a n  in-core program (excep t  f o r  data handl ing ,  p l o t t i n g  
and ,  o p t i o n a l l y ,  f o r  t h e  s t a t i c  loading c a l c u l a t i o n s  of s e c t i o n  3.3 and mode 
f i n d i n g )  which was w r i t t e n  t o  keep  t he  amount of coding  and the  c o r e  store 
requirement ( f o r  data and working space combined) as small as was reasonably  
p o s s i b l e  while a l s o  keeping execution time n e a r  optimum. Thus it employs a 
f i x e d  bandwidth method which on ly  s t o r e s  t h e  a c t i v e  t r i a n g l e  of t h e  band 
d u r i n g  assembly and Gauss e l imina t ion ,  as descr ibed  i n  connec t ion  w i t h  
f i g u r e  2 of r e f e r e n c e  10. This  r e s u l t s  i n  low working space  requi rements ,  b u t  
i f  modes are r e q u i r e d , ' t h e  e n t i r e  upper ha l f  band of t h e  s t i f f n e s s  mat r ix  mus t  
be  s t o r e d .  
backing s t o r e  depending on problem s i z e  and s t o r a g e  a v a i l a b l e .  
t h e  a r r a y  space needed is contained by three one-dimensional arrays, which 
s t o r e  the i n t e g e r ,  real  and complex numbers of the  data and working space 
wi thout  gaps. 

The user has t h e  opt ion  of  doing t h i s  i n  c o r e  o r  w i th  t he  use of 
V i r t u a l l y  a l l  

Working space is  minimized by re -us ing  i t  whenever p o s s i b l e .  

Because s o l u t i o n  time and s to rage  are bandwidth dependent, BUNVIS-RC 
i n c o r p o r a t e s  t h e  program BANDIT ( r e f .  1 1 )  t o  g i v e  t h e  o p t i o n  of reducing  the  
bandwidth. The BANDIT program uses both  t he  Cuthill-McKee (ref. 1 2 )  method 
and t h e  Gibbs-Poole-Stockmeyer ( r e f .  13) method. The f o u r  o p t i o n s  f o r  
r e sequenc ing  con ta ined  i n  the o r i g i n a l  BANDIT program are r e t a i n e d  and are: 

o p t i o n  c r i t e r i o n  
1 rms wavefront 
2 bandwidth 
3 p r o f i l e  
4 max wavefront 

Op t ion  2 ,  r e d u c t i o n  of bandwidth, is u s u a l l y  t h e  best s u i t e d  f o r  BUNVIS-RG and 
is the  d e f a u l t  v a l u e  i n  the program. For d i s c u s s i o n  of t h e  o t h e r  o p t i o n s  see 
r e f e r e n c e s  11-13. For many problems the minimum bandwidth i s  achieved by 
BANDIT,  b u t - t h e  method does no t  always result i n  a minimum when t h e  topology 
is complicated. 
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3.7 Stayed Columns 

An important feature of BUNVIS-RG, which a c c o u n t s  for  about  250 l i n e s  Of 
coding,  is t he  i n c l u s i o n  of a very e f f i c i e n t  ( i .e.  low s to re  requirement  and 
f a s t  e x e c u t i o n ) ,  exact, s u b s t i t u t e  column method ( re f .  1 4 )  for  h a n d l i n g  s t a y e d  
columns as s u b s t r u c t u r e s .  These s t a y e d  columns are  symmetric about  the i r  
mid-length and c o n s i s t  of a c e n t r a l  core wi th  N=3,4,5 ..... i d e n t i c a l  s t a y  
frames e q u a l l y  spaced round i t  as shown i n  f i g u r e  l ( b ) .  The s t a y  frames can 
c o n s i s t  of any combination of beam-columns and t a u t  s t r i n g s  ( i .e .  s t a y s )  which 
l i e  i n  a p lane ,  bu t  s t a y  frames are n o t  in te r -connec ted  except  where t h e y  are  
connected t o  t h e  core. Thus f i g u r e  l ( a )  shows a t y p i c a l  s t ayed  column, which 
can be represented  i n . d a t a  merely b y - t h e  r e p r e s e n t a t i v e  ha l f  frame of f i g u r e  
l ( c ) .  
r e f e r e n c e  15 where a frame wi th  almost 22000 degrees  of freedom ( c o n s i d e r i n g  
a l l  t h e  nodes i n  t h e  s t ayed  column s u b s t r u c t u r e s )  was treated i n  a modest 
amount of computer time. 

An example of t h e  e f f i c i e n c y  of t h i s  s u b s t r u c t u r e  approach was g iven  i n  

3.8 R e p e t i t i v e  Geometry 

Frames which c o n t a i n  a group of nodes and members which r e p e a t s  i n  one 
or more coord ina te  d i r e c t i o n s  may be analyzed us ing  t h e  r e p e t i t i v e  f e a t u r e  of  
t h e  program. The s i z e  of the problem analyzed is o n l y  t h a t  corresponding t o  
t h e  r e p e a t i n g  por t ion  of the  frame but  r e s u l t s  are  a p p l i c a b l e  t o  t h e  complete 
frame. Figures  2 and 3 i l l u s t r a t e  l a r g e  r e p e t i t i v e  structures t h a t  have been 
analyzed by using t h i s  r e p e t i t i v e  geometry f e a t u r e .  I n  g e n e r a l  BUNVIS-RG 
h a n d l e s  l i n e a r  r e p e t i t i o n  i n  any combination of one,  two (see f i g u r e  2) or 
three Cartesian d i r e c t i o n s ,  and a l so  handles  r o t a t i o n a l  p e r i o d i c i t y  (see 
f i g u r e  3) w i t h  t h e  o p t i o n  of l i n e a r  r e p e t i t i o n  i n  the  d i r e c t i o n  of t h e  a x i s  of 
rot  a t  i on. 

The detai l  of t he  r e p e t i t i v e  geometry method is given  i n  f u l l  i n  
r e f e r e n c e  16  wi th  t h e  theory i n  t h e  appendix f o r  a c e n t r a l  node r e p l a c e d  by 
t h e  a l t e r n a t i v e  and more g e n e r a l  approach of r e f e r e n c e  17. B r i e f l y ,  t h i s  
method r e q u i r e s  that  t h e  r e s p o n s e  mode be r e p e t i t i v e  over  a c e r t a i n  number of 
bays i n  each coord ina te  d i r e c t i o n  as given by e q u a t i o n  (2 )  of r e f e r e n c e  16 as 

D = Do exp[2in(nlj , /N, 
j 

+ n j / N  + n j / N ) ]  
2 2  2 3 3  3 

where D 
bays i n j e a c h  coord ina te  d i r e c t i o n  from the s t r u c t u r e  a c t u a l l y  modeled. 
mode r e p e a t s  i n  each c o o r d i n a t e  d i r e c t i o n  i n  N k  bays  for k = 1 ,  2, 3. 
are harmonics of r e s p o n s e  which must cover  the range  

is t h e  displacement  v e c t o r  i n  t h e  j th  r e p e a t i n g  p o r t i o n  located j, 
The 

The nk 

n k = 0 ,  k l ,  +2,  . . . , +integer (Nk/2)  (2) 

For t o  e n s u r e  tha t  a l l  p o s s i b l e  independent responses  are accounted for .  
s t r u c t u r e s  r e p e t i t i v e  i n  o n l y  one d i r e c t i o n ,  n e g a t i v e  v a l u e s . o f  nk need n o t  be  

Reference 1 4  g i v e s  s e v e r a l  v a r i a n t s  of t h e  s u b s t i t u t e  column method. The one 
used i n  BUNVIS-RG is  p a r t i c u l a r l y  e f f i c i e n t ,  be ing  t h a t  described around 
f i g u r e  3 of re ference  1 4 ,  i n  t h e  form i n  which three degrees  of freedom are 
allocated t o  every node and are chosen t o  permit  whichever of in-plane or out- 
of -p lane  d e f l e c t i o n s  of each s t a y  frame of t he  t y p e s  I ,  IIa or IIb s u b s t i t u t e  
columns is requi red  by the  theory.  

Y 
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cons ide red .  For s t r u c t u r e s  r e p e t i t i v e  i n  two or three d i r e c t i o n s ,  n e g a t i v e  
v a l u e s  of n need n o t  be cons idered  f o r  one d i r e c t i o n ,  b u t  bo th  p o s i t i v e  and 
n e g a t i v e  varues  must be used f o r  the  remain ing  directions. A more complete 
d i s c u s s i o n  of these requi rements  is g iven  i n  r e f e r e n c e  16. 

I n t r o d u c t i o n  of equa t ion  ( 1 )  r e s u l t s  i n  complex q u a n t i t i e s  which are 
e v e n t u a l l y  inco rpora t ed  i n t o  t h e - s t i f f n e s s  ma t r ix  i n  the a n a l y s i s .  The 
program uses  t h e  complex a r i t h m e t i c  f e a t u r e  of F o r t r a n  t o  implement t he  
s o l u t i o n .  For n o n r e p e t i t i v e  s t r u c t u r e s ,  t h e  s t i f f n e s s  matrix is real .  To 
account f o r  t h i s ,  i t  is  p o s s i b l e  t o  compile two v e r s i o n s  of the  program, a 
real  arithmetic v e r s i o n  f o r  r e g u l a r  problems and r e p e t i t i v e  problems wi th  a 
harmonic r e sponse  of 0, o r  Nk/2 when N k  is even, and a complex arithmetic 
v e r s i o n  f o r  g e n e r a l  r e p e t i t i v e  problems. The complex v e r s i o n  w i l l  work the  
r e g u l a r  problem but  wi th  a f a c t o r  of approximate ly  three t o  f i v e  p e n a l t y  i n  
time depending on the  machine and compiler used. The on ly  d i f f e r e n c e  between 
the two v e r s i o n s  is one l i n e  of code d e c l a r i n g  c e r t a i n  v a r i a b l e s  t o  be complex 
which is omi t t ed  i n  the real  version. T h i s  l i n e  is i d e n t i f i e d  w i t h  a comment 
card i n  t he  s o u r c e  code. 

The program is p a r t i c u l a r l y  use fu l  f o r  s t r u c t u r e s  having r o t a t i o n a l  
p e r i o d i c i t y ,  where the  mode i n e v i t a b l y  repeats i n  t h e  c i r c u m f e r e n t i a l  
d i r e c t i o n .  A l t e r n a t i v e l y ,  f o r  s t r u c t u r e s  of f i n i t e  s i z e  which are r e p e t i t i v e  
i n  r e c t a n g u l a r  c o o r d i n a t e s  and which have simply suppor ted  boundaries and 
a p p r o p r i a t e  symmetry i n  geometry and l o a d i n g ,  s o l u t i o n s  can be o b t a i n e d  by 
assuming a mode t h a t  is r e p e t i t i v e  over twice t h e  l e n g t h  of t he  a c t u a l  
s t r u c t u r e .  Moreover, even i f  symmetry and boundary c o n d i t i o n  requi rements  are 
n o t  sa t isf ied s o  t h a t  the  assumed mode shape w i l l  no t  be compat ib le  w i t h  the 
a c t u a l  s u p p o r t s ,  t h e  r e s u l t s  f o r  wavelengths t h a t  are small r e l a t i v e  t o  t h e  
l e n g t h  of t h e  s t r u c t u r e  may still  help the  a n a l y s t .  

I t  is  apparent  from the  number of nodes f o r  t h e  f u l l  s tructures of 
f igures  2 and 3 compared w i t h  t h e  number of nodes f o r  the i r  r e p e a t i n g  
p o r t i o n s ,  t h a t  computer time and s to rage  s a v i n g s  must be very g r e a t  f o r  t h e  
a n a l y s i s  of these s t r u c t u r e s  us ing  the  r e p e t i t i v e  f e a t u r e  of the  program. The 
r e p e t i t i v e  geometry method g ives  exact resu l t s  f o r  r o t a t i o n a l l y  p e r i o d i c  
s t r u c t u r e s .  I t  also g i v e s  exact r e s u l t s  f o r  t h e  s p a t i a l l y  s i n u s o i d a l  response  
of l i n e a r l y  r e p e t i t i v e  structures. Such results w i l l  be exact f o r  s t r u c t u r e s  
w i t h  boundary c o n d i t i o n s  which are compatible w i t h  a s u i t a b l y  chosen set  of 
s i n u s o i d a l  responses  and o the rwise  can g i v e  u s e f u l  approximations.  The 
i n c l u s i o n  of r o t a t i o n a l l y  p e r i o d i c  space  frames w i t h  members a long  t h e i r  axis 
of p e r i o d i c i t y  needed an  ex tens ion  of t h e  o r i g i n a l  a lgo r i thm f o r  ensu r ing  
convergence on a l l  r e q u i r e d  e igenvalues ,  which r e f e r e n c e  17 shows is v a l i d  f o r  
any r o t a t i o n a l l y  p e r i o d i c  s t r u c t u r e .  

3 . 9  E l a s t i c  and Offset Connections Between Members and Nodes 

By d e f a u l t ,  t he  program assumes t h a t  the  c e n t e r - l i n e s  of members pas s  
through any node t o  which they are connected and t h a t  a l l  s i x  degrees  of 
freedom ( three t r a n s l a t i o n s  and th ree  r o t a t i o n s )  are r i g i d l y  connected t o  t he  
node. A l t e r n a t i v e l y ,  any combination of t h e  s i x  freedoms ( i n  member co- 
o r d i n a t e s )  a t  each end of a member can b e  e l a s t i c a l l y  connected t o  t h e  node. 
Reference  18 g i v e s  d e t a i l s  of the  simple and e f f i c i e n t  way i n  which these 
e l a s t i c  connec t ions  a r e  in t roduced  one a t  a time s o  as t o  r e t a i n  t h e  exac tness  
of t h e  r e s u l t s  and t h e  c e r t a i n t y  of the a lgo r i thm which e n s u r e s  t h a t  no 
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e i g e n v a l u e s  a r e  missed. Zero e las t ic  s t i f f n e s s e s  can be used t o  o b t a i n  pinned 
or s l i d i n g  connections.  Offsets, i.e. e c c e n t r i c  connec t ions  between a member 
and a node, can a l so  be a p p l i e d ,  u s i n g  a s t a n d a r d  t r a n s f o r m a t i o n ,  i n  any 
combination of t h e  three C a r t e s i a n  g l o b a l  a x i s  d i r e c t i o n s .  A l t e r n a t i v e l y ,  t he  
offsets  can be def ined  us ing  a local  Set of member axes.  -Note t h a t  when 
e las t ic  connect ions and offsets  are both p r e s e n t  t he  former are a p p l i e d  t o  t h e  
member first.  Thus, i f  the of fse t s  are v i s u a l i z e d  a s  r i g i d  l i n k s  between t h e  
ends of t h e  members and t h e  nodes,  t h e  e las t ic  connec t ions  are between t h e  
members and t h e  r i g i d  l i n k s ,  which are always r i g i d l y  connected t o  the  nodes. 

3.10 Tapered, Stepped,  or  Non-Uniform Members 

B U N V I S - R C  i n c l u d e s  exac t  Bernoul l i -Euler  t h e o r y  member e q u a t i o n s  fo r  
t a p e r e d  members which have t a p e r  such  t h a t  their  a x i a l  and f l e x u r a l  r i g i d i t i e s  
vary  a c c o r d i n g  to,  r e s p e c t i v e l y ,  

z n  z n+2 EA = EAo(l  + C c )  and E I  = E I o ( l  + CL) ( 3 )  

w i t h  n = 1 or 2, and c > -1, where z is measured from one end of a member of 
l e n g t h  L: The mass per  u n i t  l e n g t h  v a r i e s  as  EA and t h e  t w i s t i n g  s t i f f n e s s  
and p o l a r  moment of i n e r t i a  vary as E I .  The e x p r e s s i o n s  used for  the  
i n d i v i d u a l  member s t i f f n e s s e s  are e x p l i c i t  ones  which involve  Bessel 
f u n c t i o n s .  They o n l y  cover e i ther  v i b r a t i o n  of members which do n o t  c a r r y  
a x i a l  l o a d  (ref. 19) or s t a t i c  behavior  of a x i a l l y  loaded members (ref. 2 0 ) .  
Thus they  can  be used f o r  v i b r a t i n g  frames i n  which t h e  t a p e r e d  members are 
unloaded, o r  f o r  buckl ing  of frames. 

B U N V I S - R G  a l s o  i n c l u d e s  a s u b s t r u c t u r i n g  r o u t e  which a u t o m a t i c a l l y  
g e n e r a t e s  a s tepped beam which can r e p r e s e n t  a non-uniform member as any 
r e q u i r e d  number of r i g i d l y  j o i n t e d  uniform members. These uniform members are 
analyzed by t h e  Timoshenko beam-column theory  described ea r l i e r  i n  t h i s  
manual, and t h e i r  p r i n c i p a l  p r o p e r t i e s  can be v a r i e d  independent ly  of each 
other between success ive  uniform members t o  follow p r o f i l e s  a long  t h e  l e n g t h  
of the  non-uniform member which are g iven  i n  data as a l g e b r a i c  curves .  The 
data r e q u i r e d  by the program is very c o n c i s e ,  and an e x t r a  data i n p u t  
ref inement  makes i t  even more so  fo r  p r o f i l e s  which s a t i s f y  e q u a t i o n  ( 3 ) .  
Thus t a p e r e d  members which s a t i s f y  equat ion  ( 3 1 ,  but  do n o t  s a t i s f y  the  
requirements  s t a t e d  i n  t h e  paragraph which c o n t a i n s  i t  (e.g. the  beam is a n  
a x i a l l y  loaded v i b r a t i n g  one,  n > 2,  or Timoshenko t h e o r y  is needed) ,  r e q u i r e  
o n l y  a minimum of i n p u t  data. 

The s u b s t r u c t u r i n g  f a c i l i t y  a l so  allows any number of uniform Timoshenko 
beam-columns and/or any combination of t a p e r e d  or non-uniform members of t h e  
k inds  already descr ibed  i n  t h i s  sub-sec t ion ,  t o  be  r i g i d l y  o r  e l a s t i c a l l y  ( b u t  - n o t  e c c e n t r i c a l l y )  connected i n  a s t r a i g h t  l i n e  t o  form any t a p e r e d ,  s t e p p e d  
or g e n e r a l l y  non-uniform beam-column fo r  which f l e x u r e  i n  t h e  two p r i n c i p a l  
p l a n e s ,  a x i a l  response,  and t o r s i o n a l  response  are a l l  uncoupled. Such 
uncoupl ing is also assumed throughout  t h e  a n a l y s i s  described earlier i n  t h i s  
s e c t i o n ,  s o  t h a t  a l l  s u b s t r u c t u r i n g  u s e s  minimum bandwidth s u b s t r u c t u r e  
s t i f f n e s s  matr ices  by c o n s i d e r i n g  s e p a r a t e l y  in-p lane  f l e x u r e  i n  each of the  
two p r i n c i p a l  planes,  axial  behaviour and t o r s i o n a l  behavior .  
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3.11 Estimating S o l u t i o n  T i m e s  

Computer 
VAX-11/780 (UWIST) 
VAX-11/780 (NASA) 
CDC-CYBER 855 

The s o l u t i o n  time t o  f i n d  eigenvalues  wi thout  modes, T ,  is t h e  product  
of the number of i t e r a t i o n s  taken  by the convergence r o u t i n e ,  I ,  and t h e  time 
t a k e n  per  i t e r a t i o n ,  Ti. Thus 

Real Complex 
a B a B 

0.001 64 0.01 45 0.00843 0.01 57 
0.00251 0.01 81 0.00951 0.01 94  
0.0001 91 0.00337 0.000450 0.00345 

T = I x T T i  ( 4 )  

A stress a n a l y s i s  takes one i t e r a t i o n  p l u s  t h e  time r e q u i r e d  for  back 
s u b s t i t u t i o n  t o  determine the  d e f l e c t i o n s  from which t h e  i n t e r n a l  forces are 
determined. For e igenvalue  a n a l y s i s ,  t h e  v a l u e  of I depends on the  problem 
and can  onIy be estimated from experience.  
number of e igenvalues  sought ,  t h e  accuracy t o  which they  are  r e q u i r e d ,  and 
whether they  o c c u r  i n  c l u s t e r s  of c l o s e  or c o i n c i d e n t  va lues .  
gu ide ,  t h e  accuracy r e q u i r e d  f o r  reasonably accurate mode shapes  i s  .OOl%.  
For  t h i s  accuracy,  I w i l l  r e c e i v e  a c o n t r i b u t i o n  of about  e i g h t  for  each well 
s e p a r a t e d  e igenvalue  where the  accelerated convergence procedure i s  used,  and 
a c o n t r i b u t i o n  of about  s i x t e e n  f o r  each group of c o i n c i d e n t  e igenvalues  where 
b i s e c t i o n  must be used. For each mode shape c a l c u l a t e d  in-core,  I w i l l  
r e c e i v e  an a d d i t i o n a l  c o n t r i b u t i o n  of between 1 and 2. However the accuracy  
of a mode i s  f r e q u e n t l y  much l e s s  than t h a t  o f . i t s  e igenvalue ,  s o  t h a t  e x t r a  
i t e r a t i o n s  may be needed t o  improve the  accuracy  of t h e  mode by f i n d i n g  t h e  
e i g e n v a l u e  more a c c u r a t e l y .  

Thus I t y p i c a l l y  depends upon the 

As a rough 

A f i x e d  bandwidth method is used t o  perform the  Gauss elimin$tion,2which 
can  therefore be assumed t o  take a time which i s  p r o p o r t i o n a l  t o  B (N - -B) 
where N is t h e  number of nodes and B is the bandwidth d e f i n e d  as one g r e a t e r  
t h a n  t h e  maximum node number d i f f e r e n c e  of any p a i r  of connected nodes. The 
Gauss e l i m i n a t i o n  time dominates T when B is l a r g e ,  b u t  t he  c a l c u l a t i o n  of 
member s t i f f n e s s e s  and the i r  t rans tormat ion  t o  g l o b a l  axes  can a l s o  be 
s i g n i f i c a n t  i f  B i s  small. Therefore  f o r  frames w i t h  uniform beam-column 
members (and without  s t a y e d  columns o r  t a p e r e d ,  s tepped  or non-uniform 
members) Ti  can be  estimated from 

= aB 2 (N - -B) 2 Ti 3 + BM ( 5 )  

where M is t h e  number of uniform beam-column members i n  t h e  frame and a and f? 
are dependent on t h e  machine and compiler used and upon whether t h e  rea l  or  
complex program is  used. A number of r u n s  (desc r ibed  i n  more d e t a i l  i n  
r e f e r e n c e  21) on s t r u c t u r e s  having a wide  r a n g e  of B,  M ,  and N r e s u l t e d  i n  the 
f o l l o w i n g  va lues  for  a and f3 

An estimate of  t h e  time r e q u i r e d  f o r  a n  i t e r a t i o n  is c a l c u l a t e d  from equat ion  
( 5 )  and p r i n t e d  for  each run. Note that  t h e  VAX times are d i f f e r e n t  f o r  t h e  
two i n s t a l l a t i o n s .  Users may wish  t o  develop the i r  own va lues  of a and B 
based on t h e i r  own exper ience  and change t h e  va lues  t h a t  are g iven  i n  the  
s o u r c e  code. The va lue  of  i s  increased by t h e  presence of tapered  o r  
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s t e p p e d  members and decreased fo r  members having equa l  r i g i d i t i e s ,  members 
aligned with p r i n c i p a l  axes ,  members connected t o  ear th  nodes,  and members i n  
a p l a n e  frame. For f u r t h e r  de t a i l s  on t iming ,  see r e f e r e n c e  21. 

4 INPUT DATA PREPARATION 

Some of t h e  more s i g n i f i c a n t  f e a t u r e s  of BUNVIS-RG which a user  shou ld  
be aware of i n  p repa r ing  inpu t  are  summarized i n  t he  fo l lowing  list.  

Rectangular  and cy1 i n d r i  cal  coord ina te s  
Stress ana lys i s  for e x t e r n a l  loads with au tomat ic  i n c l u s i o n  of 

Preloaded o r  p r e s t r a i n e d  members such  as due  t o  tempera ture  can b e  

R e p e t i t i v e  geometry 
Members having unequal p r i n c i p a l  moments of i n e r t i a  
Tapered and s t epped  members 
Members off s e t  f ran nodes 
Members having s p r i n g  connec t ions  t o  nodes i n c l u d i n g  pinned or s l i d i n g  

connect i ons  
Stayed column s u b s t r u c t u r e s  
P l o t t i n g  of undeformed s t ructure  and mode shapes  

a c c e l e r a t i o n  and g r a v i t y  load ings  

included i n  t h e  stress a n a l y s i s  

T h i s  s e c t i o n  p r e s e n t s  gene ra l  a s p e c t s  of the  r e q u i r e d  modeling fo l lowed 
by a detai led d e s c r i p t i o n  of t h e  inpu t .  Groups of numerical  data  are  
g e n e r a l l y  preceded by a d e s c r i p t i v e  heading card. Only t h e  first two or three 
l e t t e r s  of these c a r d s  are  u s u a l l y  r e q u i r e d  by the  program; t h e  a c t u a l  l e t t e r s  
r e q u i r e d  are indica ted  i n  t h e  fo l lowing  t e x t  by c a p i t a l s .  

4.1 Coordina te  Systems 

The g loba l  axes form a r i g h t  hand s y s t e m  which may be r e c t a n g u l a r  ( x ,  y ,  
2 )  or c y l i n d r i c a l  ( r ,  8, z ) .  The i n t e g e r s  1 ,  2 and 3 are  used  r e s p e c t i v e l y  t o  
i n d i c a t e  f o r c e s  o r  displacements  a long  these a x e s  f o r  s e v e r a l  i npu t  q u a n t i t i e s  
and s i m i l a r l y  4, 5 and 6 are  used  t o  i n d i c a t e  moments or r o t a t i o n s  about these 
axes .  The s i g n  convent ion for  moments or r o t a t i o n s  f o l l o w s  t h e  usual  r i g h t  
hand ru le .  The local  member coord ina te  s y s t e m  is a r i g h t  hand r e c t a n g u l a r  one 
o r i e n t e d  w i t h  r e spec t  t o  the  g l o b a l  s y s t e m  as shown i n  f i g u r e  4.  The p o s i t i v e  
z a x i s  is  along the  member i n  t h e  d i r e c t i o n  from the  lower numbered node 
( i n i t i a l  end) t o  t h e  h igher  numbered node ( f i n a l  end) .  The l o c a l  x and y axes 
a re  de f ined  as i n d i c a t e d  i n  f i g u r e  4 w i t h  a complete exp lana t ion  of t he  rules  
g iven  i n  t h e  d e f i n i t i o n  of CT i n  t h e  SECtion data card group. Defau l t  v a l u e s  
a r e  such  t h a t  t h e  l o c a l  x a x i s  l i e s  i n  a p l ane  normal t o  t h e  global z axis .  

4.2 Stress Analys is  

A stress a n a l y s i s  may be made i n  o r d e r  t o  c a l c u l a t e  t h e  i n d i v i d u a l  
member a x i a l  fo rces  t o  be  used i n  t h e  subsequent  buckl ing  or v i b r a t i o n  
a n a l y s i s .  The stress a n a l y s i s  i n c l u d e s  t h e  combined e f fec ts  of e x t e r n a l  
l o a d i n g  a t  any node ( p o i n t  forces and moments and t h e  automatic i n c l u s i o n  of 
a c c e l e r a t i o n  o r  g r a v i t y  loads a t  nodes if desired)  and members having p re loads  
o r  p r e s t r a i n s  such as d u e  t o  temperature. The s t i f f n e s s  matrix used i n  t h e  
stress a n a l y s i s  may inc lude  t h e  effect  of member a x i a l  f o r c e ,  see s e c t i o n  3 . 3 .  
The results of t h e  stress a n a l y s i s  a re  t h e  a x i a l  and shear forces and bending 

10 



and t w i s t i n g  moments a t  the ends of each member. I n  subsequent  e igenva lue  
a n a l y s e s ,  the  member a x i a l  force i s  accounted  for  d i r e c t l y  i n  t h e  member 
s t i f f n e s s  ma t r ix  except  for  stayed column s u b s t r u c t u r e s .  The effect  of member 
a x i a l  force f o r  s t a y e d  column s u b s t r u c t u r e s  and t h e  effect of shear forces can  
be approximated i n  t h e  e igenva lue  a n a l y s i s  as described i n  s e c t i o n  3.4. These 
effects may be switched on by se t t ing  IQL = 1 a f te r  a RESet card .  For t a p e r e d  
or s t e p p e d  s u b s t r u c t u r e s  t h a t  appear i n  more- than  one  l o c a t i o n ,  o n l y  one  
s u b s t r u c t u r e  s t i f f n e s s  ma t r ix  is used which is determined from the  a x i a l  l o a d  
f o r  the f irst  occurrence  of t h e  s u b s t r u c t u r e .  
t h e  l o a d i n g s  are t h e  same i n  all r e p e a t i n g  elements ( i . e .  t h e y  cor respond t o  
t he  zeroth harmonic) no matter what harmonics are  u s e d . i n  t h e  subsequent  
e igenva lue  a n a l y s i s .  

I f  t h e  s t r u c t u r e  is r e p e t i t i v e ,  

4.3 Modeling R e p e t i t i v e  S t r u c t u r e s  

A s t r u c t u r e  t h a t  has r e p e t i t i v e  geometry can  o f t e n  be ana lyzed  a t  
g r e a t l y  reduced time and c o s t  i n  BUNVIS-RG i f  the  r e p e t i t i v e  f e a t u r e  of t he  
program is u t i l i z e d .  The c a p a b i l i t i e s  and l i m i t a t i o n s  of s u c h  an a n a l y s i s  are 
d i s c u s s e d  i n  s e c t i o n  3.8. 
s t r u c t u r e  is t o  i d e n t i f y  t h e  r epea t ing  p o r t i o n ,  which c o n t a i n s  a group of 
nodes and members which r e p e a t s  i n  one or more c o o r d i n a t e  d i r e c t i o n s .  T h i s  
group of nodes and members is defined as the basic r e p e a t i n g  po r t ion ;  Every 
node i n  each r e p e a t i n g  p o r t i o n  is given t h e  same number as its c o u n t e r p a r t  i n  
t he  basic r e p e a t i n g  po r t ion .  The d i f f e rence  i n  c o o r d i n a t e s  of a node and its 
c o u n t e r p a r t  i n  t he  nex t  r e p e a t i n g  po r t ion  is the bay wid th  i n  t h a t  d i r e c t i o n  
and is i n p u t  i n  the BAY informat ion  group as t h e  q u a n t i t y  ZJ(I), where I = 1 ,  
2 or 3 cor responding  t o  t h e  three g lobal  axes. The number of bays over  which 
t h e  mode shape  r e p e a t s  mus t  be given i n  t h e  same card group as E N ( I ) .  
desired response  harmonics as discussed i n  s e c t i o n  3.8 a re  s p e c i f i e d ' i n  t he  
MODe card group. The nodes may be numbered i n  any o r d e r  keeping i n  mind tha t  
e f f i c i e n c y  is i n c r e a s e d  by minimizing bandwidth. 
t o  r educe  bandwidth by t h e  i n p u t  of t he  BANdwidth card. The basic r e p e a t i n g  
p o r t i o n  is modeled j u s t  as f o r  a n o n r e p e t i t i v e  s t r u c t u r e  wi th  t h e  a d d i t i o n a l  
requi rement  t h a t  t h e  lower numbered of t h e  two nodes connected by a member (OF 
s u b s t r u c t u r e )  must be i n  t h e  b a s i c  r e p e a t i n g  p o r t i o n ,  whereas t h e  h ighe r  
numbered node can be  i n  t h e  basic r epea t ing  p o r t i o n ,  or can be  i n  any o t h e r  
r e p e a t i n g  p o r t i o n .  ( I n  which case  t h i s  node number can d u p l i c a t e  t h e  lower 
numbered node t o  permit a node i n  the basic r e p e a t i n g  p o r t i o n  t o  be connected 
t o  its c o u n t e r p a r t  i n  any o t h e r  r epea t ing  po r t ion .  

The f irst  s t e p  i n  p repa r ing  data f o r  a r e p e t i t i v e  

The 

The nodes may be resequenced 

4 .4  Modeling Stayed Column S u b s t r u c t u r e s  

Stayed columns t h a t  are symmetric about  t h e i r  mid-length and have a 
c e n t r a l  c o r e  w i t h  N = 3, 4 ,  5, . . . i d e n t i c a l  s t a y  frames e q u a l l y  spaced  around 
t h e  core are  treated w i t h  t h e  same exac tness  that  is  i n  t h e  basic program 
u s i n g  t h e  theory  of r e f e r e n c e  1 4 .  
combination of beam-columns and t a u t  cables which l i e  i n  a p l a n e  but  are n o t  
i n t e r - connec ted  except  through t h e  co re  member. The core and s t a y  frames 
t e r m i n a t e  a t  a s i n g l e  node a t  each end. The s t ayed  columns are  modeled 
s e p a r a t e l y  as substructures which can then  be inco rpora t ed  i n t o  t h e  f i n a l  
s t r u c t u r e  by connec t ion  of the  two end nodes. If a stress a n a l y s i s  is made, 
t he  a x i a l  l o a d  on any s tayed  columns i n  t h e  structure is determined, bu t  the 
f o r c e s  on i n d i v i d u a l  members making up the  s t ayed  column are no t .  I n  a 
subsequent  e igenvalue  a n a l y s i s ,  t h e  effect  of t h e  end f o r c e s  may be inc luded  

The s t a y  frames can c o n s i s t  of any 
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as d i s c u s s e d  i n  s e c t i o n  3 . 4  t o  r e t a i n  equ i l ib r ium a t  a node. The mode shape 
i n  the i n t e r i o r  of a s t a y e d  column is also no t  recovered  b u t  a n  i n t e r p o l a t e d  
shape based on end p o i n t  d e f l e c t i o n s  and r o t a t i o n s  is p l o t t e d .  

4.5 Modeling Tapered and Stepped Members 

There a r e  s e v e r a l  o p t i o n s  f o r  modeling nonuniform members as either 
cont inuous  tapered members, s t epped  members, o r  a Combination as d i scussed  i n  
s e c t i o n  3.10. I n  a l l  cases the  member is treated i n  t he  program as a 
two-noded . subs t ruc tue  whose s t i f f n e s s e s  are c a l c u l a t e d  a t  t he  beginning of 
each i t e r a t i o n  f o r  a l l  such members. I t  may be advantageous t o  treat  a 
uniform member by t h i s  approach i f  i t  appea r s  many times i n  the structure a t  
t he  same l e n g t h  t o  avoid  r e c a l c u l a t i o n  of the  s t i f f n e s s e s  which would be done 
i f  treated i n  t h e  r e g u l a r  way. 
equa t ion  (3) can be modeled us ing  j u s t  the  TAPer group. 
r e q u i r e  the  a d d i t i o n  of t he  VARiation and P R O f i l e  groups. A g e n e r a l  two-noded 
s u b s t r u c t u r e  can be  gene ra t ed  by l i n k i n g  any number and combination of  uniform 
and t a p e r e d  members t o g e t h e r  i n  t h e  STEpped card group. 

Members whose p r o p e r t i e s  vary  acco rd ing  t o  
More gene ra l  t a p e r s  

4.6 Data I n p u t  

The i n p u t  is free f i e l d  wi th  t h e  f o l l o w i n g  g e n e r a l  features: 

( 1 )  Numerical data may be s e p a r a t e d  by b lanks  o r  commas. 

(2) T r a i l i n g  z e r o s  on l i n e s  of data having  a s p e c i f i e d  number of e n t r i e s  
need not be  e n t e r e d .  

(3) Comments may be i n s e r t e d  on any card after i n s e r t i n g  a $. Data may 
be resumed on t h e  same card after a second $. 

( 4 )  A c a p a b i l i t y  f o r  g e n e r a t i n g  data t h a t  r e p e a t s  i n  a r e g u l a r  p a t t e r n ,  
such  as c o o r d i n a t e s  o r  c o n n e c t i v i t i e s ,  is a v a i l a b l e  and descr ibed  i n  
s e c t i o n  4.6.5. 

The inpu t  d a t a  is s e p a r a t e d  i n t o  s e v e r a l  groups t h a t  a r e  each i d e n t i f i e d  
by a d e s c r i p t i v e  heading t h a t  precedes t h e  numerical  data. These groups may 
appear i n  any order .  Only the first three l e t t e r s  of each heading ( u n l e s s  
o the rwise  i n d i c a t e d )  a r e  used by the  program so t h a t  t h e  remain ing  characters 
are on ly  used as a prompt t o  t h e  user. The necessa ry  l e t t e r s  f o r  each name 
are i d e n t i f i e d  with c a p i t a l  l e t t e r s  i n  t h i s  manual. Each card group 
c o n t a i n i n g  numerical data t h a t  may appear i n  a run  is i d e n t i f i e d  i n  t he  
fo l lowing  wi th  an * preceding  t h e  heading card; each card group t h a t  is a lways  
r e q u i r e d  i n  any run  is i d e n t i f i e d  w i t h  ** preced ing  the  heading card. 
S p e c i f i c  examples of most of the  data i n p u t  are g i v e n  i n  t he  example problems 
l i s t ed  i n  tables 1 t o  8. 

. 

For a given problem, the  data i n  many of the  groups i s  no t  applicable 
and those  groups may be  omitted.  Because of d e f a u l t  va lues  con ta ined  i n  t h e  
program c e r t a i n  o t h e r  groups may n o t  be r e q u i r e d .  The minimum number r e q u i r e d  
are t h e  MEMber da ta ,  SECtion p r o p e r t i e s ,  CONnection l i s t ,  and Coordina tes .  If 
any of these groups is miss ing  a f t e r  a l l  i npu t  has been read, the program 
p r i n t s  a warning message and s t o p s .  i n  t h e  fo l lowing ,  t h e  v a r i o u s  headings 
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are l i s t e d  i n  t h e  o r d e r  t h a t  they  appear  i n  t h e  ou tpu t  a long  w i t h  a 
d e s c r i p t i o n  of  the  data tha t  is  entered. 

4.6.1 A n a l y s i s  Con t ro l  The following cards c o n t r o l  i n p u t ,  o u t p u t ,  and the 
a n a l y s i s  o p t i o n s  a v a i l a b l e  t o  the  user. 

ECHo on I n p u t  data a f te r  t h i s  card w i l l  be p r i n t e d  i n  t h e  ou tpu t  e x a c t l y  
as e n t e r e d  and w i l l  a lso be p r i n t e d  i n  a n  organized  l i s t i n g  with 
d e s c r i p t i v e  headings. Defau l t  is ECHo on. 

ECHo OFF E i the r  card t u r n s  off p r i n t i n g  of i n p u t  data subsequent t o  where 
NOEcho the  card is i n s e r t e d ,  i n c l u d i n g  t h e  o rgan ized  l i s t i n g .  

Explana t ion  Causes exp lana to ry  headings t o  be p r i n t e d  a t  the beginning  of 
major tables of da ta  appear ing  i n  o u t p u t .  

INTeger Coordina tes  g iven  as i n t e g e r s  t h a t  refer t o  t h e  l ist  of R E A 1  
numbers. Without t h e  INTeger card, c o o r d i n a t e s  are g iven  
d i r e c t l y  their  real v a l u e s  under t he  Coordina te  heading. 

D E C r e e  Angles g iven  i n  degrees f o r  c y l i n d r i c a l  coord ina te s .  Without 
t h e  DECree card, angles  f o r  c y l i n d r i c a l  c o o r d i n a t e s  m u s t  be 
g iven  i n  r a d i a n s .  

PLAne frame Ana lys i s  is performed f o r  a p l ane  frame. 

STR es s Causes stress a n a l y s i s  t o  be made. If the STRess card is 
p r e s e n t  w i th  either a Buckling o r -VIBra t ion  card, i n t e r n a l  
member l o a d s  w i l l  be determined from the stress a n a l y s i s  b e f o r e  
t h e  buckl ing  o r  v i b r a t i o n  a n a l y s i s  is performed. 

BUCkl i ng  Causes buckl ing  o r  v i b r a t i o n  a n a l y s i s  t o  be made. I t  is  no t  
V I B r  a t ion  p o s s i b l e  t o  execute a buckl ing  and a v i b r a t i o n  a n a l y s i s  o n  the  

same run .  

* CRIteria (One card con ta in ing  4 items of data) 

I tem 

1 CF Convergence f a c t o r .  Eigenvalues are ob ta ined  t o  an  accuracy of 
a t  least  1 p a r t  i n  CF. D e f a u l t  is 1.E5. 

2 FQ Def ines  a p o s i t i v e  t r ia l  va lue  of first r e q u i r e d  e igenva lue  o r  
t h e  lower bound on range  of e igenvalues  o r  eigennumbers 
depending on t h e  value of N D I V .  De fau l t  1 .  

3 FP A non-zero a b s o l u t e  v a l u e  of FP g i v e s  t he  upper bound on a range  
of r e q u i r e d  eigenvalues o r  eigennumbers depending on the  v a l u e  
of N D I V .  If FP is nega t ive ,  modes w i l l  b e  found f o r  each 
e igenvalue  found, with t h e  excep t ion  t h a t  only one mode i s  found 
f o r  a group of co inc ident  e igenvalues .  Defau l t  0. 

4 N D I V  If N D I V  is ze ro ,  a l l  e igenvalues  fran eigennumber FQ t o  
eigennumber FP a r e  found. However, i f  FP is a l s o  z e r o ,  t h e  list 
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Of r e q u i r e d  eigennumbers is g iven  by t h e  EICenvalues card group. 
If N D I V  is n e g a t i v e ,  a l l  e igenva lues  i n  t h e  r a n g e  FQ t o  FP are - 

found. If N D I V  is p o s i t i v e ,  t he  range  FQ t o  FP is d iv ided  i n t o  
N D I V  equa l  p a r t s .  No e igenvalues  are found, b u t  a t  each p o i n t  
of d i v i s i o n ,  the-number of e igenva lues  exceeded is  determined, 
and modal d e n s i t i e s  are l i s ted .  Defau l t  0. 

The fo l lowing  examples i l l u s t r a t e  t h e  va r ious  o p t i o n s .  

1.E6 2. 
Th i s  CRIteria card w i l l  cause a l l  e igenvalues  l i s t e d  i n  t h e  EICenvalues 

card group t o  b e  found wi th  an accuracy  of one p a r t  i n  o n e  m i l l i o n  s t a r t i n g  
wi th  a t r i a l  value of 2. 

1.E4 5. 20. -1 
T h i s  CRIteria card w i l l  cause  a l l  e igenva lues  i n  t h e  r ange  5. t o  20. t o  

be  found. 

1 .E5 20 35 0 
T h i s  CRIteria card w i l l  c ause  e igenvalues  numbered 20 t o  35 t o  b e  found. 

1 .  2. 100. 98 
This  CRIteria card w i l l  cauae  modal d e n s i t i e s  t o  b e  found i n  t h e  r ange  

2. t o  100. a t  i n t e r v a l s  of 1 .  

* EICenvalues (Any number of cards c o n t a i n i n g  i n t e g e r  data.)  

L i s t  of r e q u i r e d  e igenva lue  numbers. Used on ly  i f  FP and 
N D I V  are z e r o  on  CRIteria card. A n e g a t i v e  s i g n  w i l l  cause  a 
mode shape t o  be c a l c u l a t e d  f o r  t h a t  p a r t i c u l a r  e igenvalue .  If 
no i n p u t  is g iven  i n  t h i s  group a d e f a u l t  v a l u e  of  -1 w i l l  cause  
the  f irst  e igenvalue  t o  be o b t a i n e d  a long  wi th  t h e  mode shape. 

BANdwidth op t imiza t ion  N 

BAN . . . N causes the  node r e f e r e n c e  numbers t o  be 
resequenced t o  reduce s o l u t i o n  time, us ing  o p t i o n  number N of 
the BANDIT program. If N is o m i t t e d  t h e  recommended defaul t  
va lue  of 2 is used. For o t h e r  o p t i o n s  see s e c t i o n  3.6. 

SHOW resequence 

Inpu t  data tha t  has changed as a r e s u l t  of renumbering and 
resequencing is p r i n t e d  w i t h  r e f e r e n c e  numbers t h a t  are used 
i n t e r n a l l y  i n  the  program. 

4.6.2 
describe t h e  s t r u c t u r e  and its load ing .  I n  many cases, r e f e r e n c e  numbers are 
used,  such  as f o r  nodes, SECtion p r o p e r t i e s ,  tables of REPe t i t i ve  members o r  
SPRing connec t ions  and o t h e r  similar data. I n  a l l  cases these numbers may be 
a r b i t r a r y  and given i n  any o rde r .  

S t r u c t u r a l  D e s c r i p t i o n  The fo l lowing  groups of cards are used t o  

1 4  



* SET (One card c o n t a i n i n g  4 items of i n t e g e r  data.) 

Item 

1 ICORD Set t o  1 for  r e c t a n g u l a r  coord ina tes ;  2 f o r  c y l i n d r i c a l  
coord ina tes .  Defaul t  1 .  

2 LC Set t o  0 f o r  r e g u l a r  problems. A va lue  of 1 causes  a l l  
r o t a t i o n a l  degrees of f reedm-of  nodes t o  be r e s t r a i n e d  which 
would be n e c e s s a r y  f o r  a s t r u c t u r e  having o n l y  p i n  ended and 
cable members. Defaul t  0. 

3 LR Use 1 i f  r o t a t o r y  i n e r t i a  of the members i s  t o  be allowed for  i n  
a v i b r a t i o n  problem, otherwise use 0. D e f a u l t  0. 

4 LS Use 1 i f  shear d e f l e c t i o n  of the  members is t o  be allowed f o r ,  
othef-wise use 0. Defaul t  0. 

* R E A l  number l ist  (Any number of cards and items of data.) 

A series of real  numbers tha t  may be r e f e r e n c e d  t o  d e f i n e  
c o o r d i n a t e s ,  lumped masses and i n e r t i a s ,  and s p r i n g  s t i f f n e s s e s .  

** Coordina tes  (Any number of cards conta in ing  data  i n  groups of four.)  
SUB N 

The second heading card is o p t i o n a l  for  the  f i n a l  s t r u c t u r e  
where N is zero.  For  s tayed  column s u b s t r u c t u r e s ,  N is t h e  s u b s t r u c t u r e  
r e f e r e n c e  number. The f irst  item i n  each group of f o u r  is t h e  node 
r e f e r e n c e  number fo l lowed by the  three c o o r d i n a t e s  ( x ,  y ,  z or r ,  8, z )  
of the node. For c y l i n d r i c a l  c o o r d i n a t e s ,  e may be given i n  degrees or  
r a d i a n s  accord ing  t o  the  presence or absence of a DEGree card. 

I f  the  INTeger card is p r e s e n t ,  t h e  c o o r d i n a t e s  are given as 
i n t e g e r s  whose a b s o l u t e  values  refer t o  t h e  l o c a t i o n  of t h e  c o o r d i n a t e  
va lue  i n  t he  l i s t  of REAl  numbers. A n e g a t i v e  i n t e g e r  r e v e r s e s  the  s i g n  
on t h e  c o o r d i n a t e  v a l u e  used. 

Complete r e s t r a i n t  of a group of nodes may be o b t a i n e d  by g i v i n g  
their  c o o r d i n a t e s  l a s t .  The c o o r d i n a t e s  of the  grounded nodes should be 
preceded by a c a r d  wi th  t h e  heading E A R t h  or CROund. A l t e r n a t i v e l y ,  t h e  
number of nodes having complete r e s t r a i n t  may be  s p e c i f i e d  by NE us ing  
t h e  RESet f a c i l i t y .  

The r u l e s  f o r  t h e  coordinates  of a s t a y e d  column s u b s t r u c t u r e  
a r e  similar t o  t h o s e  of t h e  f i n a l  s t r u c t u r e  w i t h  t h e  f o l l o w i n g  
a d d i t i o n s ,  n o t i n g  t h a t  the only s t a y e d  columns permi t ted  are  t h o s e  which 
are symmetric about  the i r  mid-length. 

( 1 )  Coordinates  are c y l i n d r i c a l  wi th  the  o r i g i n  a t  t h e  end and z a l o n g  
t h e  core toward t h e  center  of t he  s t ayed  column. Only one half 
( lengthwise)  of a s t a y e d  column i s  d e f i n e d  i n  terms of t he  r-z 
c o o r d i n a t e s  of one s t a y  frame which must l i e  i n  a p lane  e = 0. 
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(2 )  A l l  nodes on t h e  p l a n e  of symmetry which bisects t h e  l e n g t h  of the  
column m u s t  be g iven  first i n  the o r d e r  of d e c r e a s i n g  d i s t a n c e  from 
the  core. 

( 3 )  There must be a t  least  two nodes on the  p l a n e  of symmetry. 
( 4 )  The h ighes t  node number must correspond t o  t h e  end which is attached 

t o  a node i n  t h e  f i n a l  s t r u c t u r e .  
( 5 )  The nodes of s t a y e d  column s u b s t r u c t u r e s  are n o t  resequenced when 

t h e  BANdwidth card i s  p r e s e n t .  

** CONnection list (Any number of cards c o n t a i n i n g  i n t e g e r s  t h a t  are g iven  as 
SUB N t r i p l e t s .  1 

The same comments apply  t o  t h e  SUB N card as f o r  t h e  Coordina te  
list. The numerical  data  fo l lowing  t h e  heading card(s) is t h e  
connection list,  g iven  as t r i p l e t s  of i n t e g e r s .  The first two i n t e g e r s  
of each t r i p l e t  d e f i n e  t h e  nodes connected, and t h e  last i n t e g e r  is t h e  
r e fe rence  number of the connec t ing  member as d e f i n e d  i n  the MEMber data 
group. I t  is  desirable t o  g i v e  t h e  lower numbered node first i n  a 
t r i p l e t  and o r d e r  t h e  t r i p l e t s  i n  ascending  o r d e r  of lower numbered 
nodes. If n o t  e n t e r e d  i n  t h i s  o r d e r  t he  data w i l l  be r ea r r anged  t o  t h i s  
o r d e r - p r i o r  t o  any a n a l y s i s .  If a member connec ts  between the  basic 
r e p e a t i n g  p o r t i o n  of a r e p e t i t i v e  structure and some o t h e r  r e p e a t i n g  
p o r t i o n ,  t h e  lower numbered node must be i n  t h e  b a s i c  r e p e a t i n g  p o r t i o n .  

* DOF (degrees of freedom) r e s t r a i n e d  (Any number of cards c o n t a i n i n g  
SUB N i n t e g e r s  t h a t  are g iven  as  t r i p l e t s . )  

Used t o  app ly  r i g i d  o r  e l a s t i c  c o n s t r a i n t s  a t  s p e c i f i e d  degrees  
O f  freedom and i n  v i b r a t i o n  problems used  t o  apply  concen t r a t ed  masses 
and i n e r t i a s .  

The first i n t e g e r  of each t r i p l e t  i s  a node number. The second 
i n t e g e r  corresponds t o  a degree of freedom i n  the  g l o b a l  c o o r d i n a t e  
system defined i n  s e c t i o n  4.1.  ( A  z e r o  i n d i c a t e s  a l l  three t r a n s l a t i o n a l  
freedoms.) A z e r o  v a l u e  f o r  t h e  t h i r d  i n t e g e r  w i l l  g i v e  complete 
c o n s t r a i n t .  A p o s i t i v e  va lue  f o r  t h e  t h i r d  i n t e g e r  w i l l  p l a c e  a mass o r  
i n e r t i a  taken from t h e  cor responding  l o c a t i o n  i n  t h e  l ist  of R E A l  
numbers, and a n e g a t i v e  v a l u e  w i l l  p l a c e  an e las t ic  s u p p o r t ,  w i t h  i t s  
s t i f f n e s s  ob ta ined  from t h e  list of R E A l  numbers cor responding  t o  t h e  
a b s o l u t e  value of t h e  t h i r d  i n t e g e r .  For example, the  f o l l o w i n g  data 
card 

w i l l  cause ( 1 )  a l l  displacement degrees of freedom at  node 1 t o  be ze ro ,  
(2 )  r o t a t i o n  about t h e  y o r  e a x i s  (deg ree  of freedom 5) t o ' b e  z e r o  a t  
node 3 ,  ( 3 )  a mass wi th  a va lue  g iven  by the  6 t h  R E A l  number t o  be 
p laced  a t  node 7, and ( 4 )  t h e  z disp lacement  a t  node 10 t o  be r e s t r a i n e d  
by a sp r ing  w i t h  s t i f f n e s s  given by the  1 2 t h  R E A l  number. 

The SUB N has t h e  same meaning as i n  t h e  Coordina te  list b u t ,  
fo r  s tayed  column s u b s t r u c t u r e s ,  t h e  program is rest r ic ted t o  t h e  inpu t  
of concent ra ted  masses by the  DOF card group. 



* STAY frames (Any number of cards and items of i n t e g e r  data.) 

S p e c i f i e s  t h e  number of s t a y  frames i n  each s t a y e d  column 
s u b s t r u c t u r e  i n  t h e  order of ascending  S u b s t r u c t u r e  r e f e r e n c e  numbers. 

** MEMber data (Any number of cards each c o n t a i n i n g  7 items of i n t e g e r  data.) 
~. 

Used t o  d e s c r i b e  the  characterist ics of each member. Each 
i n t e g e r  af ter  t h e  member number refers t o  the  r e f e r e n c e  number of t h e  
i n d i c a t e d  card group. 

Item 

1 Member number 

2 SEC SECtion r e f e r e n c e  number 

3 PRE PREload or P R E s t r a i n  r e f e r e n c e  number 

4 REP R E P e t i  t i o n  r e f e r e n c e  number 

5 OFF OFFset  r e f e r e n c e  number 

6 SPR SPRing connec t ion  r e f e r e n c e  number 

7 SUB SUBstructure r e fe rence  number ( i .e .  of a s t a y e d  column, tapered 
o r  s t epped  s u b s t r u c t u r e ) .  
m u s t  be  z e r o  but any of  the  o t h e r  e n t r i e s  may have nonzero 
va lues .  A c a r d  w i t h  SUB nonzero is r e q u i r e d  f o r  every  
s u b s t r u c t u r e  which appears  i n  the connec t ion  l ist ,  i n  a d d i t i o n  
t o  t he  card(s) used t o  d e f i n e  s e c t i o n  p r o p e r t i e s  etc. f o r  t h e  
s u b s t r u c t u r e  o r  i ts components. 

If SUB is nonzero,  t hen  SEC and PRE 

I n  the  p rev ious  d a t a ,  a zero i n d i c a t e s  t h e  absence  of a particular 
q u a n t i t y  f o r  t h a t  member. 

** SECtion p r o p e r t i e s  (Any number of c a r d s ,  each con ta in ing  10 items of data.) 

Item 

1 

2 EA 

3 E I Y  

4 GJ 

5 M  

6 IP 

7 E 1  X 

S e c t i o n  r e f e r e n c e  number 

Ax ia l  s t i f f n e s s  

F l e x u r a l  r i g i d i t y  about t h e  l o c a l  y a x i s  

Tor s iona l  stiff n e s s  

Mass per  u n i t  l eng th  

P o l a r  moment of i n e r t i a  

F l e x u r a l  r i g i d i t y  about t he  l o c a l  x ax is  
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8 CT Used t o  o r i e n t  l o c a l  member x and y axes  as i n d i c a t e d  i n  f i g u r e  
4. If i n p u t  less than  one ,  CT is t h e  Cosine of t he  a n g l e  
between the  l o c a l  x a x i s  and t h e  g l o b a l  z axis .  If l o c a l  z and 
g loba l  z c o i n c i d e ,  CT is t he  c o s i n e  of the  a n g l e  between t h e  
l o c a l  x a x i s  and t h e  g l o b a l  y a x i s .  The algebraic sign of CT is 
determined by r e q u i r i n g  t h a t  the l o c a l  y a x i s  always form a n  
a c u t e  a n g l e  wi th  g l o b a l  z i n  t he  first case o r  g l o b a l  y i n  t h e  
second case. For c y l i n d r i c a l  c o o r d i n a t e s  t he  above r u l e s  a l s o  
apply with g l o b a l  y replaced by g l o b a l  8. I f  CT is an  i n t e g e r  
equal t o  o r  greater than  one ,  t h e  l o c a l  x a x i s  l i e s  i n  a p l ane  
con ta in ing  both t he  l i n e  between the  nodes the  member connec ts  
and the  node CT. 

9 SFX Shape f a c t o r  f o r  l o a d s  a c t i n g  i n  l o c a l  x d i r e c t i o n ,  i .e .  f o r  
f l e x u r e  associated wi th  EIY.  

10 SFY Shape f a c t o r  f o r  l o a d s  a c t i n g  i n  l o c a l  y d i r e c t i o n .  

I n i t i a l l y  a l l  items d e f a u l t  t o  z e r o  b u t  i t  is e s s e n t i a l  t h a t  a nonzero 
v a l u e  of  EA be inpu t .  

If E I Y  i s  z e r o ,  t h e  member is a cable which m u s t  have t e n s i o n  f o r  
v i b r a t i o n  problems b u t  may be unloaded for buckl ing  problems. 

If E I X  i s  z e r o ,  E I X  = E I Y  

If I P  is zero ,  I P  = 

If SFX (SFY) is  ze ro ,  SFX (SFY) = SF (See RESet card group f o r  

M ( E 1 X  + E I Y )  
EA 

d e f i n i t i o n  of SF). 
SET card. 

Note t h a t  SFX and SFY are used on ly  i f  LS = 1 under t he  

* PREstrains or PREloads (Any number of cards, each w i t h  3 items of data . )  

Item 

1 Reference number. 

2 PD Value of  dead l o a d  p r e s t r a i n  or f o r c e  ( p o s i t i v e  f o r  t e n s i o n ) .  
For If r e f e r e n c e  number is p o s i t i v e  a s t r a i n  v a l u e  i s  i npu t .  

thermal stress problems t h e  i n p u t  would be t h e  thermal s t r a i n ,  
aAT. If r e f e r e n c e  number is  n e g a t i v e ,  member a x i a l  l o a d  i s  
input .  

3 PL Same as PD except  f o r  l i v e  loads .  

* REPet i t ion  (Any number of cards, each w i t h  4 i n t e g e r s .  Needed Only 
when r e p e t i t i v e  feature is  used.)  

The f irst  number on each card i s  t he  r e f e r e n c e  number and the 
nex t  t h r e e  i n t e g e r s  i n d i c a t e  t h e  number of bays i n  t h e  three c o o r d i n a t e  
d i r e c t i o n s  that  the f i n a l  end of the  member i s  d i s p l a c e d  fran its i n i t i a l  
end corresponding t o  j k  i n  equa t ion  ( 1 ). 
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* BAY in fo rma t ion  (One card w i t h  6 items of data. Needed o n l y  when r e p e t i t i v e  
feature is  used.) 

Z J ( 1 1 ,  ZJ(21, ZJ(31,  E N ( l ) ,  EN(21, EN(3) 

The Z J ( K )  are t h e  d i f f e r e n c e s  i n  t h e  Kth c o o r d i n a t e s  between 
a d j a c e n t  r e p e a t i n g  po r t ions .  The E N ( K )  are three numbers g i v i n g  the 
number of r e p e a t i n g  p o r t i o n s  i n  t he  three c o o r d i n a t e  d i r e c t i o n s  over  
which t h e  mode is r e p e t i t i v e  cor responding  t o  t h e  N k  i n  equa t ion  ( 1 ) .  

For c y l i n d r i c a l  coord ina te s ,  ZJ (2 )  is g iven  as an i n t e g e r  
(normal ly  E N ( 2 )  f o r  a frame t h a t  extends around the complete c i rcumference)  
and the a c t u a l  ZJ(2)  is c a l c u l a t e d  as: 

* MDDes (One card w i t h  6 i n t e g e r s .  Needed o n l y  when the  r e p e t i t i v e  f e a t u r e  is 
used. 1 

NL1,  N u l ,  NL2,  N U 2 ,  NL3, NU3 

I n t e g e r s  d e f i n i n g  lower and upper bounds of the  harmonic 
r e sponse  nk i n  t h e  three coord ina te  d i r e c t i o n s .  See equa t ion  ( 1 ) .  

* OFFsets of members (Any number of cards, each wi th  8 items of data.) 

Item 

1 Reference riumber . 
2 JCORD A va lue  of 1 i n d i c a t e s  t h a t  the  o f f s e t s  of the  member end from 

t h e  node are g iven  i n  a r i g h t  hand r e c t a n g u l a r  c o o r d i n a t e  sys t em 
t h a t  is  a l i g n e d  w i t h  t h e  g l o b a l  c o o r d i n a t e  system. A v a l u e  of 2 
i n d i c a t e s  t h e  l o c a l  system de f ined  i n  s e c t i o n  4.1 is used where 
the z a x i s  i s  along the  l i n e  connec t ing  the nodes. 

Offset i n  the  kth coord ina te  d i r e c t i o n  of i n i t i a l  end of a 
member. 

3 t o  5 E l ( K )  

6 t o  8 E 2 ( K )  Similar t o  E l ( K )  but  f o r  f i n a l  end of a member. 

* SPRing connec t ions  (Any number of cards, each with 13 i n t e g e r s . )  

The f irst  i n t e g e r  on each card i s  the r e f e r e n c e  number and t h e  
nex t  twelve  i n d i c a t e  the presence of s p r i n g  connec t ions  cor responding  t o  
t h e  twelve degrees of freedom of the  member i n  t h e  x ,  y ,  z l o c a l  
c o o r d i n a t e  system. 
t h e  i n i t i a l  end as de f ined  i n  s e c t i o n  4.1 w i t h  t he  l a s t  s i x  app ly ing  t o  
t h e  f i n a l  end. 
i n d i c a t e s  a s p r i n g  having  a s t i f f n e s s  t a k e n  from t h e  J e n t r y  i n  t he  
list of R E A 1  numbers. P ins  and s l i d i n g  connec t ions  can be modeled by 
us ing  s p r i n g s  of z e r o  s t i f f n e s s .  

The f i rs t  s i x  i n t e g e r s  refer t o  degrees of freedom a t  

A z e r o  i n d i c a t e s  a r i g i d  connec t ion ,  atRonzero i n t e g e r  J 
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LOAds (Any number of cards, each having 4 items of data.) 

W i l l  be used o n l y  i f  a STRess card is p r e s e n t .  

Item 

1 

2 Load d i r e c t i o n .  Values 1 ,  2 and 3 are forces, 4,  5 and 6 are 

Node r e f e r e n c e  number a t  which dead and/or  l i v e  load is  a p p l i e d .  

moments, i n  t he  usua l  o r d e r  of g l o b a l  c o o r d i n a t e s  ( x ,  y and z or 
r ,  8 and z ) .  

3 VD Value of dead load. 

4 VL Value of l i v e  load. 

A c c e l e r a t i o n  (One card c o n t a i n i n g  three items of data) 

W i l l  be used o n l y  i f  a STRess card i s  p r e s e n t .  
Item 

1 t o  3 A c c e l e r a t i o n  components i n  t h e  g l o b a l  x ,  y ,  and z 
d i r e c t i o n s  r e s p e c t i v e l y .  D e f a u l t s  are O. ,  O . ,  -386 .  

The A c c e l e r a t i o n  card causes  the  effects of an a p p l i e d  
a c c e l e r a t i o n  ( such  as g r a v i t y )  t o  be inc luded  i n  t h e  stress a n a l y s i s .  
If t h e  card is i n p u t  without data, t he  default  v a l u e s  a re  used. 

TAPer (Any number of cards, each with 7 items of data.) 

I tern 

1 

2 

3 L  

Reference number. S ince  t h e  member be ing  d e f i n e d  i s  a 
s u b s t r u c t u r e ,  t h i s  is a s u b s t r u c t u r e  r e f e r e n c e  number which m u s t  
not d u p l i c a t e  a s t ayed  column or o t h e r  s u b s t r u c t u r e  r e f e r e n c e  
number. T h i s  r e f e r e n c e  number appears  as t h e  SUB e n t r y  o n  the  
MEMber data card t h a t  is  r e f e r e n c e d  by t h e  CONnection list. 

Member r e f e r e n c e  number t h a t  d e f i n e s  SECtion p r o p e r t i e s ,  
PREload, and SPRing connect ions.  (Other o p t i o n s  on MEMber card 
a r e  no t  allowed.) . .  

Length. A l l  occurrences of a s u b s t r u c t u r e  must have t h e  same 
length.  If t h e  item is e n t e r e d  as zero, t h e  l e n g t h  w i l l  be 
c a l c u l a t e d  from the  first appearance i n  t h e  CONnection list.  
However, a l e n g t h  must always be  s p e c i f i e d  if t he  s u b s t r u c t u r e  
forms p a r t  of a STEpped s u b s t r u c t u r e .  

4 NEL If p o s i t i v e ,  d e f i n e s  the  number of elements  which w i l l  be used 
t o  approximate t he  t a p e r e d  member. If n e g a t i v e ,  e x a c t  
s t i f f n e s s e s  w i l l  be c a l c u l a t e d  with SECtion p r o p e r t i e s  vary ing  
as i n  e q u a t i o n  (3) .  
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5 N  Exponent n used in equat ion  ( 3 )  d e f i n i n g  p r o p e r t y  v a r i a t i o n .  N 
is  ignored  i f  C 6 -1. 

6 C  If C > -1 ,  t a p e r  r a t i o  c used i n  equa t ion  ( 3 ) .  
If C 5 -1 ,  t hen  abso lu te  va lue  of C is r e f e r e n c e  number of 
VARiatiofl group used  t o  describe a g e n e r a l  t a p e r .  

7 Length r a t i o  used t o  subd iv ide  member l e n g t h  unequal ly  f o r  t h e  
gene ra l  t a p e r  c a p a b i l i t y .  A v a l u e  of 1 or 0 w i l l  r e s u l t  i n  
e lements  of equal  length ;  Otherwise the  va lue  must l i e  between 
0 and 2,  and r e p r e s e n t s  t h e  r a t i o  of t h e  l e n g t h  of t h e  first 
element t o  t h e  average l e n g t h  (LINEL) .  The l e n g t h s  of 
subsequent elements vary a r i t h m e t i c a l l y .  

* VARiation (Any number of cards, each w i t h  9 items of i n t e g e r  data.) 

Used t o  s p e c i f y  genera l  v a r i a t i o n  of s e c t i o n  p r o p e r t i e s  and 
a x i a l  l oad .  

Item 

1 Reference number. 

2 t o  9 A nonzero i n p u t  refers t o  a P R O f i l e  r e f e r e n c e  number t h a t  w i l l  
d e f i n e  t h e  v a r i a t i o n  of s e c t i o n  p r o p e r t i e s  and a x i a l  l o a d  i n  t he  
o r d e r  EA, E I Y ,  G J ,  M, I P ,  E I X ,  PD, PL. If z e r o ,  t he  
cor responding  property or load is  t aken  as c o n s t a n t .  

* P R O f i l e  (Any number of cards and items of data.)  

Used t o  d e f i n e  an equat ion  which describes the  v a r i a t i o n  of a 
The r e s u l t i n g  s e c t i o n  p rope r ty  o r  load along t h e  l e n g t h  of a member. 

v a l u e  is  m u l t i p l i e d  by a base va lue  g iven  i n  t h e  SECtion p r o p e r t i e s  o r  
PREload card groups. 

Item 

1 Reference number. 

2 t o  2J+1 Pairs of numbers a b such tha t  i f  the r e f e r e n c e  number i s  
p o s i t i v e ,  t h e  p r o f f i e  fs given  by 

where z i s  d i s t a n c e  along a member (measured fran the  lower 
numbered of the connected nodes) and L i s  member l eng th .  If t h e  
r e f e r e n c e  number i s  negat ive ,  on ly  one p a i r  of numbers is 
e n t e r e d  and the p r o f i l e  is genera ted  by r a i s i n g  p r o f i l e  al  t o  
t he  power b l  . 
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* STEpped (Any number of cards and items of data. 

Used t o  l i n k  s e v e r a l  p rev ious ly  d e f i n e d  s u b s t r u c t u r e s  t h a t  are 
j o i n e d  end to end t o  form a new s u b s t r u c t u r e .  

Item 

1 Reference number of new s u b s t r u c t u r e  be ing  created. T h i s  
r e f e r e n c e  number appears  as the SUB e n t r y  on a MEMber data card  
whose member number is used f o r  the  appearance of-  t he  
s u b s t r u c t u r e  i n  the CONnection l ist .  

2... Reference numbers of s u b s t r u c t u r e s  de f ined  either i n  t h e  TAPer 
card group o r  p rev ious ly  i n  t h i s  card group. If a minus s i g n  
precedes a s u b s t r u c t u r e  r e f e r e n c e  number, t he  s u b s t r u c t u r e  is  
r o t a t e d  180 degrees such t h a t  i ts  i n i t i a l  and f i n a l  ends are 
reversed. 

4.6.3 P l o t t i n g  The fo l lowing  card8 are used t o  o b t a i n  p l o t s  of the undeformed 
s t r u c t u r e  and modes f r a n  t h e  e igenvalue  a n a l y s i s .  

* P L O t  (Two cards r e q u i r e d ,  o r  one card w i t h  v a l u e  of IPLOT as o n l y  e n t r y  if 
' d e f a u l t  values used f o r  o t h e r  variables.) 

IPLOT, VERT, HORIZ,  INTM, I D U P  ( F i r s t  card, 5 items of data.) 

IPLOT = 0 no p l o t t i n g  done 

= 1 undeformed s t r u c t u r e  and mode shapes  p l o t t e d  as S o l i d  
l i n e s  

= 2 undeformed s t r u c t u r e  p l o t t e d  as dashed l i n e s ,  mode shapes  
as  s o l i d  l i n e s  

= 3 mode shapes  only  p l o t t e d  as S o l i d  l i n e s  

= -5 undeformed structure on ly  p l o t t e d ,  no a n a l y s i s  made. 

VERT 

H O R I Z  

INTM 

IDUP 

Vertical s i z e  of p l o t .  D e f a u l t  v a l u e  set  i n  program a t  
i n s t a l l a t i o n  depending on  scale of p l o t t i n g  device .  

Hor izonta l  s i z e  of p l o t .  Default same comment as f o r  VERT. 

Number of i n t e r i o r  p o i n t s  i n  each member fo r  which the  mode 
shape is  c a l c u l a t e d  and p l o t t e d .  For s u b s t r u c t u r e s ,  t he  
i n t e r i o r  shape is i n t e r p o l a t e d  from end p o i n t  d i sp lacements  and 
r o t a t i o n s  and is shown w i t h  a short  and long  dashed l i n e .  
Default 0. 

S t r u c t u r e  r e p e a t s  i n  a r e g u l a r  p a t t e r n  f o r  IDUP = 0;  r e p e a t s  i n  
a s t agge red  p a t t e r n  f o r  I D U P  = 1 .  Defaul t  0. 
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VIEW(l), VIEW(21, VIEW(3),  AMP, IVERT, ROT (Second card, 6 items of data.) 
. -  

V I E W (  I) Global x ,  y and z coord ina tes  which locate the  viewpoint from 
which the s t r u c t u r e  is seen.  
used fo r  VIEW(11,  even i f  a n a l y s i s  is done i n  c y l i n d r i c a l  
c o o r d i n a t e s .  . .  Defaults are 1 1 1 .  

C o n t r o l s  ampl i tude  of mode shape  r e l a t i v e  t o  s t r u c t u r e .  
O r d i n a r i l y  i s  of order one. D e f a u l t  1 .  

Rectangular  c o o r d i n a t e s  are always 

AMP 

IVERT Absolute  v a l u e  of IVERT is the  g l o b a l  a x i s  which w i l l  be 
v e r t i c a l  on p l o t  before r o t a t i o n  by a n g l e  ROT. 
of IVERT g i v e s  a perspec t ive  p r o j e c t i o n  from the  view poin t .  
n e g a t i v e  v a l u e  of IVERT g i v e s  a p r o j e c t i o n  p a r a l l e l  t o  a l i n e  
from o r i g i n  t o  viewpoint. D e f a u l t  -3. 

A p o s i t i v e  v a l u e  
A 

ROT Angle i n  degrees  by which t h e  IVERT a x i s  is  rotated o n  p l o t .  
P o s i t i v e  i n  counterclockwise d i r e c t i o n .  D e f a u l t  0. 

4.6.4 Reset C a p a b i l i t y  A number of v a r i a b l e s  are seldom changed for  d i f f e r e n t  
a n a l y s e s  and take on default  values ass igned  i n  t he  program. If r e q u i r e d  they  
can be changed by u s i n g  t h e  RESet card.  I n  a d d i t i o n ,  t he  v a r i a b l e s  i n  t h e  
CRIteria card group can  be changed frcm t h e i r  d e f a u l t  v a l u e s  by the  R E S e t  card 
so i t  is n o t  mandatory that  t h e  CRIteria data be inpu t .  If o n l y  a few 
v a r i a b l e s  need changing, i t  may be more convenient  t o  use  RESet cards. The 
v a r i a b l e s  t ha t  may be i n p u t  through t h e  RESet c a p a b i l i t y  are l i s t ed  below 
along wi th  t he i r  d e f a u l t  va lues .  Users may wish t o  a l ter  the  s o u r c e  code 
(SUBROUTINE REED) t o  change t h e - d e f a u l t  v a l u e s  t o  others t h a t  are  more 
commonly encountered.  The RESet cards  can appear  more than  once a t  a r b i t r a r y  
l o c a t i o n s  i n  t h e  i n p u t .  Care should be t a k e n  t h a t  subsequent  data i n p u t  does 
no t  o v e r w r i t e  a desired RESet value. The l a s t  occurrence  of t h e  data 
f o l l o w i n g  a RESet card c o n t r o l s  what t h e  program uses .  

* RESet ( S p e c i a l  card(s) t o  change c e r t a i n  v a r i a b l e s  fran t h e i r  d e f a u l t  
va lues .  1 

VARIABLE 
CF 
FQ 
FP 
N D I  V 
I DBUG 
IOFILE ( I n i t i a l i z e d  i n  main 

IQL 
PDELTA 
NE 
PR 
SF 
SMASPR 
N I M A X  
NDMAX 
NFMAX 

program) 

DEFAULT 
1 .E5  

- 1 .  
0. 

0 
5 
0 VAX 
1 CDC 
0 
0. 
0 

. 3  
5/6 
0. 

9999 
5 

30 
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A d e s c r i p t i o n  of  t he  v a r i a b l e s  no t  a l r e a d y  d e f i n e d  is given  below. 

I DBU G Causes c e r t a i n  d i a g n o s t i c  p r i n t i n g  as  i n d i c a t e d  i n  the beginning 
of t h e  s o u r c e  code. 

IOFILE Causes mode f i n d i n g  t o  be i n  c o r e  o r  ou t  of c o r e  as fo l lows:  

IOFILE 
0 In core .  Recommended f o r  v i r t u a l  memory machines 
1 Uses direct access f i l e s  
2 Uses s e q u e n t i a l  f i l e s  

IQL A nonzero va lue  of IQL causes  m o d i f i c a t i o n s  of the stress 
a n a l y s i s  t o  be  made as described i n  s e c t i o n  3 . 4 .  A v a l u e  of 1 
causes the Q/L terms t o  be added t o  t h e  st iffness matrix. A . 
value  of 2 o r  3 causes  t he  stress a n a l y s i s  t o  be  made wi th  a x i a l  
member s t i f f n e s s e s  only  and a l l  j o i n t s  p i n  connected. For 
IQL = 2 ,  a l l  member p re loads  are ignored  t h u s  a s s u r i n g  t h a t  no 
t r a n s v e r s e  shear f o r c e s  due t o  axial load ing  a re  p resen t .  Th i s  
is r e q u i r e d  t o  ensu re  p e r f e c t  ( t o  machine accuracy) equ i l ib r ium.  
For IQL = 3 ,  t h e  member p re loads  are inc luded  i n  t h e  stress 
a n a l y s i s  which may r e s u l t  i n  t r a n s v e r s e  shear f o r c e s  t o  ma in ta in  
equi l ibr ium.  No c o r r e c t i o n  o r  change i n  t h e  stress a n a l y s i s  i s  
made i f  I Q L  = 0. 

PDELTA During an  e igenvalue  a n a l y s i s  a l l  a x i a l  f o r c e s  are m u l t i p l i e d  by 
1 f PDELTA where t h e  p l u s  s i g n  a p p l i e s  t o  t e n s i o n  f o r c e s  and t h e  
minus s i g n  a p p l i e s  t o  c m p r e s s i o n  f o r c e s ,  see s e c t i o n  3 . 4 .  

NE Number of earth o r  grounded nodes which m u s t  be g iven  l a s t  i n  
t h e  c o o r d i n a t e  l ist.  

PR 

SF 

Poisson ' s  r a t i o .  

Global shape f a c t o r ,  used for any member t h a t  has a z e r o  shape 
f a c t o r  i n  t h e  SECtion p r o p e r t i e s  i npu t .  

Note t h a t  t h e  t r a n s v e r s e  shear s t i f f n e s s  i s  g iven  by 
SF*EA m 

SMASPR A s p r i n g  of s t i f f n e s s  I*SMASPR w i l l  be p l aced  a t  each 
t r a n s l a t i o n a l  degree  of freedom where I ranges  f r a n  1 t o  3 
corresponding t o  the  degree of freedom number. Used i n  
structures having r i g i d  body degrees  of freedom t o  prevent  
i l l - c o n d i t i o n i n g  of t h e  s t i f f n e s s  mat r ix .  If modes are r e q u i r e d  
and SMASPR is nonzero, t he  convergence procedure  w i l l  determine 
as accurately as p o s s i b l e  a s e t  of l i n e a r l y  independent modes 
f o r  t h e  n e a r l y  z e r o  e igenvalues .  

N I M A X  Maximum number of i t e r a t i o n s  allowed is a b s o l u t e  v a l u e  of NIMAX. 
lf n e g a t i v e ,  the  program p r i n t s  t he  CPU time f o r  each i t e r a t i o n .  
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I 
NDMAX These v a r i a b l e s  a f f e c t  t he  performance and s t o r a g e  requi rements  
NFMAX of the accelerated convergence procedure. If the  d e f a u l t  v a l u e s  

are i n a p p r o p r i a t e  f o r  a p a r t i c u l a r  problem, the program w i l l  
p r i n t  an explana tory  message s u g g e s t i n g  a l t e r n a t i v e  va lues .  

The de fau l t  Value of any of these v a r i a b l e s  may be changed wi th  a RESet 
card.  For example, CF and PR can  be changed as fo l lows:  

RESET 
CF = 1000. PR * .25 

The = sign may be omitted i f  desired and data may appear  on s e v e r a l  
l i n e s .  

4.6.5 Automatic Data Genera t ion  Addi t iona l  cards may be gene ra t ed  fran any 
i n p u t  card by u s i n g  t h e  fo l lowing  format.  If the items on an i n p u t  c a r d  are 
X I S  5, X3' .., t h e n  t h e  sequence of cards 

1 X 2 X 

= ( A 2 X 1 )  (A2x2) ( A  x .... 2 3  ........................... 
= ( A m X 1 )  (Amx2) ( A  x 

== (n,) 

== (n,) 

== ( n m )  

produces n x n2 x ... n 

incremented nl-1 times by Alxi .  A l l  of these cards are incremented n2-1 times 
by A,x, and so on. Severa l ' examples  of the use  of t h i s  i n p u t  are g iven  i n  the 

.... m 3  

. . . . . . . 

cards. First  t h e  va lues  of xi a re  g iven  and then  1 m 

L I  

example p r  ob1 ems. 

If the l e t t e r  C precedes a Ax, a 
l o o p  w i l l  be gene ra t ed  as i n d i c a t e d  i n  
x-Ax rather than  x+(n-1)Ax which would 

p a t t e r n  where members form a c losed  
f igure  5. The l a s t  item gene ra t ed  is 
be t h e  case i f  the  C were absen t .  

An a d d i t i o n a l  feature a l lows  m o d i f i c a t i o n  of the s i z e  of t h e  increments 
as well as the number of times they are  executed. If the sequence xIy  is  
enclosed  by pa ren theses  where x and y are numbers, t h e  number x is  incremented 
by y a f t e r  each use.  T h i s  f a c i l i t y  can be used t o  g e n e r a t e  t r i a n g u l a r  g r ids  
as shown i n  f i g u r e  6. By changing three numbers which are  t h e  number of nodes 
and members on a s i d e ,  any s i z e  s t r u c t u r e  can be genera ted .  
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5 EXAMPLE PROBLEMS 

The input  requi rements  f o r  s e v e r a l  problems tha t  i l l u s t r a t e  most of t h e  
c a p a b i l i t i e s  of t h e  program are  g iven  i n  t h e  f o l l o w i n g  s e c t i o n s .  For each 
problem, t h e  input  data f i l e  is given a long  with c r i t i c a l  o u t p u t  that  can be 
checked by a user d u p l i c a t i n g  the  case a t  h i s  own i n s t a l l a t i o n .  

5.1 Simply Supported Stepped Beam 

T h i s  example i l l u s t r a t e s  t h e  basic i n p u t  requirements  of the  program. 
The i n p u t  d a t a  f i l e  is shown i n  tab le  1 .  Comments ( t e x t  preceded by $1 are 
used as pranpts  t o  i d e n t i f y  v a r i o u s  a s p e c t s  of t h e  i n p u t  and a re  o f t e n  u s e f u l  
when modifying d a t a  for  a new problem. I t  is n o t  n e c e s s a r y  t o  e n t e r  z e r o s  a t  
t h e  end of a da ta  l i n e  tha t  has a p r e s c r i b e d  number of i n p u t  items such as for  
SECtion p r o p e r t i e s .  Here the l as t  s i x  items are n o t  e n t e r e d  caus ing  z e r o s  t o  
be i n p u t  fo r  these q u a n t i t i e s .  The z e r o s  then  cause  t h e  d e f a u l t  v a l u e s  fo r  
I P ,  E I X ,  SFX, and SFY t o  be used. The s t r u c t u r e  is  a simply suppor ted  p l a n a r  
beam having a change of beam p r o p e r t i e s  o c c u r r i n g  a t  a p o i n t  40 p e r  c e n t  along 
the l e n g t h .  I n  a d d i t i o n  t o  t h e  card PLAne frame, i t  is necessary  t o  r e s t r a i n  
the  o u t  of plane degrees  of freedom a t  a l l  nodes. T h i s  has been accomplished 
by a card t h a t  t r e a t s  node 1 ,  fol lowed by cards employing t h e  au tomat ic  data 
g e n e r a t i o n  c a p a b i l i t y  of t h e  program t o  r e s t r a i n  a l l  nodes. The i n p u t  load is 
such  t h a t  t he  buckl ing e igenvalue  would be 1 .  i f  t h e  p r o p e r t i e s  were uniformly 
those of the  more f l e x i b l e  p o r t i o n .  
g r e a t e r  than  1 .  and a p l o t  of t h e  mode shape  shown i n  f igure 7 shows less 
d e f l e c t i o n  of the s t i f f e r  l e f t  end of the  beam. Note t h a t  i t  was n o t  
necessary  t o  s u b d i v i d e  t he  beam i n t o  s e v e r a l  elements t o  o b t a i n  t he  e x a c t  
answer, and t h a t  t h e  i n t e r i o r  mode shape was also recovered  e x a c t l y  and 
p l o t t e d  a t  t e n  i n t e r i o r  p o i n t s  for each element of t h e  beam by s p e c i f y i n g  
INTM = 10 under the PLOt  heading i n  t h e  i n p u t .  T h i s  problem could have been 
worked by c r e a t i n g  a s u b s t r u c t u r e  c o n s i s t i n g  of t h e  two d i f f e r e n t  members bu t  
t h e  i n t e r i o r  mode shape would be approximate.  The effect  of t r a n s v e r s e  shear 
deformation can b e  included by adding  a SET card w i t h  LS  = 1 t o  the  data of 
t ab le  1 .  The r e s u l t  f o r  t h i s  case is an e igenvalue  of 1.2852. 

The e igenvalue  i s  about 29 p e r  c e n t  

5.2 Simply Supported Tapered Beam 

T h i s  example i s  i d e n t i c a l  t o  t h e  previous  one except  t h e  beam is  
tapered .  The p r o p e r t i e s  a t  each end are i d e n t i c a l  t o  t h a t  of the  previous  
problem wi th  a l i n e a r  v a r i a t i o n  of a r e a  and a c u b i c  v a r i a t i o n  of i n e r t i a s  
a long  t h e  length.  
a s i n g l e  data card i n  t he  SECtion group and two data cards i n  t h e  MEMber card 
group as shown i n  table 2. 

T h i s  is a c c m p l i s h e d  by the  card group TAPer and t h e  u s e  Of 

The e igenvalue  f o r  t h i s  case is 2.9406; 

5.3 Truss  wi th  C e n t r a l  Load 

T h i s  example i l l u s t r a t e s  t h a t  t h e  stress a n a l y s i s  c a p a b i l i t y  of the  
program provides  t h e  member l o a d s  used i n  t h e  subsequent  buckl ing  a n a l y s i s .  
The i n p u t  data f i l e  is shown i n  table 3.  The s t r u c t u r e  and l o a d i n g  is shown 
i n  f i g u r e  8 ( a ) .  
t h e  program has been used t o  g e n e r a t e  t h e  geometry and c o n n e c t i v i t y  of t h e  
s t r u c t u r e .  Changing j u s t  a few numbers t h a t  have t o  do w i t h  t h e  number of 
bays of t h e  s t r u c t u r e  is a l l  t h a t  is r e q u i r e d  t o  g e n e r a t e  a s t r u c t u r e  of any 
number of bays,  and no a d d i t i o n a l  l i n e s  of data are needed. The buckl ing  mode 

Extensive use  of the  au tomat ic  data g e n e r a t i n g  c a p a b i l i t y  of 
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shown i n  f i g u r e  8 ( b )  shows t h a t  l a t e r a l  i n s t a b i l i t y  of the upper compressive 
cord of t h e  t r u s s ,  dominates. Due t o  round-off,  t h e  stress a n a l y s i s  g i v e s  very  
small a x i a l  forces i n  members t h a t  are a c t u a l l y  unloaded. A d i a g n o s t i c  
message is p r i n t e d  s a y i n g  t h a t  these  forces have been ignored  i n  t he  buckl ing  
a n a l y s i s .  

5.4 Tower with S tayed  Columns 

T h i s  problem is i d e n t i c a l  t o  example 4 of t h e  o r i g i n a l  B U N V I S  User's 
guide  (ref.  1 ) .  The i n p u t  f i l e  i s  g iven  i n  t ab l e  4. The c o o r d i n a t e s  are 
g iven  as i n t e g e r s  r e f e r r i n g  t o  t h e  list of R E A 1  numbers which r e q u i r e s  
i n c l u s i o n  of the INTeger data card i n  t h e  i n p u t .  The l e g s  of the  tower, shown 
i n  f i g u r e  9 ( a ) ,  are s t a y e d  columns of t h e  two d f f f e r e n t  t y p e s  shown i n  f i g u r e  
9 ( b ) .  
by cards beginning wi th  SUB. The two buckl ing  l o a d s  c a l c u l a t e d  are 1.7944 and 
2.5205. The data, t a k e n  from r e f e r e n c e  1 ,  was n o t  of s u f f i c i e n t  accuracy tha t  
t h e  l e n g t h  of t h e  s t a y e d  columns matched-to a high p r e c i s i o n  the  d i s t a n c e  
between t h e  connected nodes. A message i n d i c a t i n g  t h i s  d iscrepancy  is  p a r t  of 
t he  p r i n t e d  output .  

The c o n n e c t i v i t y  and coord ina tes  of the  s t a y e d  columns are i d e n t i f i e d  

5.5 Frame w i t h  Stepped and Tapered Members 

T h i s  problem i l lustrates the  i n p u t  f o r  s t e p p e d  and t a p e r e d  members 
i n c l u d i n g  t h e  s p e c i f i c a t i o n  of the o r i e n t a t i o n  of t he  p r i n c i p a l  axes  of 
members wi th  unequal f l e x u r a l  r i g i d i t i e s .  The bandwidth r e d u c t i o n  feature has 
a lso been implemented fo r  t h i s  problem. The i n p u t  data f i l e  is  shown i n  
table  5 and t h e  l a y o u t  of t h e  structure is shown i n  f i g u r e  10. I t  has a p l a n e  
of symmetry but  d i f f e r e n t  means of s p e c i f y i n g  a member t ha t  appears  i n  two or 
more d i f f e r e n t  l o c a t i o n s  are used i n  t h e  input .  For i n s t a n c e  t h e  f o u r  t a p e r e d  
l e g s  are s p e c i f i e d  f o u r  d i f f e r e n t  ways: exac t  t a p e r s  and approximate p r o f i l e d  
t a p e r s ,  each w i t h  the  smal l  end first and a l s o  wi th  t h e  l a r g e  end first. The 
s u b s t r u c t u r i n g  c a p a b i l i t y  is  used t o  r e v e r s e  members which were s p e c i f i e d  w i t h  
t he i r  small end first. The two stepped members are  s p e c i f i e d  i n  one case by 
i n t r o d u c t i o n  of two e x t r a  nodes (nodes 3 and 5 i n  f i g u r e  10) and i n  t h e  other 
by t h e  s u b s t r u c t u r e  method. I n  a d d i t i o n ,  t h e  local  x a n d . y  a x e s  fo r  these 
members have been in te rchanged  but  accounted fo r  by s p e c i f y i n g  CT as the  
c o s i n e  of the  a n g l e  between local x and g l o b a l  z as either 0. or .8. T h i s  
a n g l e  i s  more d i f f i c u l t  t o  c a l c u l a t e  fo r  the  d iagonal  members so  the 
a l t e r n a t i v e  i n p u t  is used which d e f i n e s  a t h i r d  p o i n t  given by a node number 
t h a t  l i e s  i n  a p l a n e  c o n t a i n i n g  t h e  member l o n g i t u d i n a l  a x i s  and t h e  l o c a l  x 
a x i s .  The  i n p u t  data  f i l e  would b e  much shorter and s impler  i f  each unique 
member were s p e c i f i e d  o n l y  once i n  t h e  most direct  and s i m p l e s t  way rather 
t h a n  being d u p l i c a t e d  many times i n  order t o  i l l u s t r a t e  t h e  c a p a b i l i t i e s  of 
the  program. The v i b r a t i o n  modes show proper  symmetry character is t ics  which a 
user can check, i n d i c a t i n g  t h e  c o r r e c t n e s s  of t h e  d i f f e r e n t  ways of s p e c i f y i n g  
t h e  member p r o p e r t i e s .  I n  a d d i t i o n ,  i d e n t i c a l  members wi th  d i f f e r e n t  means of 
d e f i n i t i o n  can be in te rchanged  i n  the  connec t ion  l ist  without  a l t e r i n g  t h e  
fundamental  v i b r a t i o n  frequency of 1.1043. 

5.6 Hexagonal Frame 

The r e p e t i t i v e  c a p a b i l i t y  of t he  program is  i l l u s t r a t e d  i n  t h i s  example 
which is d i s c u s s e d  i n  de ta i l  i n  r e f e r e n c e  16. A p l a n  view of t h e  r e p e a t i n g  
p o r t i o n  and v a r i o u s  v i b r a t i o n  mode responses  of the  complete s t r u c t u r e  are 
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shown i n  f i g u r e  1 1 .  The i n p u t  data f i l e  i s  g iven  i n  t ab l e  6. Only i n p l a n e  
modes were obtained. The free v i b r a t i o n  r e sponse  is d e s i r e d - s o  none of t h e  
three i n p l a n e  degrees of freedom are suppressed  by t h e  inpu t .  Using the  n of 
e q u a t i o n  (21 ,  one of t h e  r i g i d  body modes o c c u r s  i n  the n = 0 harmonic and t h e  
o t h e r  two are f o r  n = 1 .  S ince  e igenva lues  occur s i n g l y  f o r  n = 0 and i n  
p a i r s  fo r  n = 1 ,  a l l  r i g i d  body modes are ob ta ined  f o r  a p l a n a r  s t r u c t u r e  i n  
t h e  f irst  eigenvalue of these two harmonics. By s p e c i f y i n g  e igenva lues  
s t a r t i n g  a t  two under t he  EIGenvalues card, on ly  e l a s t i c  modes are o b t a i n e d  
f o r  n = 0 and 1 .  There are  two nodes and two members i n  t he  r e p e a t i n g  
po r t ion .  
BAY in format ion  card, the  MODes card, and t h e  REPe t i t i on  card. The ZJ(2) is 
t h e  w i d t h  of one bay i n  the  second or e c o o r d i n a t e  d i r e c t i o n . '  For c y l i n d r i c a l  
c o o r d i n a t e s ,  r a t h e r  than  g i v e  t h e  a n g l e  d i r e c t l y ,  the  a n g l e  is determined from 
2n /ZJ (2 )  or 2a/6. The EN(2) i s  a l s o  6. cor responding  t o  t h e  number of bays  
around the  circumference t o  form t h e  complete s t r u c t u r e .  The data under MODes 
s p e c i f i e s  t h a t  resu l t s  f o r  harmonics from 0 t o  1 w i l l  be determined. The-data 
under REPet i t ion  specifies t h a t  t h e  f i n a l  end of member two is one bay removed 
from the  b a s i c  r e p e a t i n g  p o r t i o n  i n  t h e  n e g a t i v e  8 d i r e c t i o n .  For t he  modes 
i n v o l v i n g  p r imar i ly  cable response  ( f r e q u e n c i e s  of 14.7 and 29.5 on  f i g u r e  
1 1 1 ,  t h e  inpu t  of A M P  = 1 .  i n  t h e  PLOt  card group results i n  very l a r g e  
p l o t t e d  d e f l e c t i o n s  f o r  t h e  i n t e r i o r  of t he  cable because norma l i za t ion  is 
based on maximum r o t a t i o n  which i s  e s s e n t i a l l y  zero .  To g e t  a c c e p t a b l e  
r e s u l t s  f o r  such c a s e s ,  a much smaller v a l u e  of AMP is r e q u i r e d  t h a t  can b e  
determined by tr ial  and e r r o r .  

The a d d i t i o n a l  data r e q u i r e d  f o r  r e p e t i t i v e  s t ructures  is under t h e  

5.7 Cable S t i f f e n e d  Ring w i t h  Bicycle Spoke Lacing 

T h i s  example problem is similar t o  t h a t  of r e f e r e n c e  16  except  t h a t  the  
hub area is modeled w i t h  e c c e n t r i c  connec t ions  t o  t h e  spokes i n  o r d e r  t o  
i l l u s t r a t e  t h a t  c a p a b i l i t y .  The r e p e a t i n g  p o r t i o n  and the  complete s t ructure  
are shown i n  f i g u r e  12. The inpu t  data is  g iven  i n  t ab l e  7. Addi t iona l  
features of t h i s  problem are a stress a n a l y s i s  of a r e p e t i t i v e  structure due 
t o  p r e t e n s i o n  of t h e  spokes and the  u s e  of t h e  SMASPR input  t o  remove 
i l l - c o n d i t i o n i n g  t h a t  might occur  i n  the  buckl ing  a n a l y s i s  of a f ree  s t ructure  
w i t h  self  e q u i l i b r a t i n g  member l o a d s .  T h i s  problem g i v e s  a very low buckl ing  
l o a d  i n  harmonics 0 and 1 d u e  t o  d e s t a b i l i z i n g  f o r c e s  r e s u l t i n g  from a small 
e r r o r  i n  equi l ibr ium when cons ide r ing  only  a x i a l  f o r c e s  as d i scussed  i n  
s e c t i o n  3.4. The s t r u c t u r e  cannot be  analyzed c o n s i d e r i n g  members as pin- 
ended because i t  has fewer members than  are  r e q u i r e d  f o r  a s t a t i c a l l y  
de te rmina te  truss. Since the  a x i a l  f o r c e s  from t h e  stress a n a l y s i s  are very 
Close t o  being i n  equ i l ib r ium a t  each node, t h e  PDELTA c o r r e c t i o n  w i t h  a v a l u e  
of .01 was used t o  remove a l l  low e igenvalues  a s s o c i a t e d  wi th  r i g i d  body 
modes; Angular coord ina te s  are  g iven  i n  degrees  by u s i n g  the  DEGree card. 
The v a l u e s  of the  o f f s e t s  are g iven  i n  g loba l  c o o r d i n a t e s  ( JCORD = 1 ) .  
o f f s e t s  are  a t  t h e  f i n a l  end of the  cable s o  appear as the  l a s t  three numbers 
on each card. The va lues  of t h e  o f f s e t s  are g iven  by 
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E2(1) = r cos e 

E2(2)  = r s i n  e 

where r i s  the  r a d i u s  of t h e  hub where a l l  spokes are attached and 8 is  the  
angu la r  coord ina te  of the p o i n t  of attachment.  The hub a t tachment  of each 
spoke e i ther  l eads  o r  l a g s  t h e  rim attachment by 80°. Determining the  lowes t  



buck l ing  l o a d  i n  harmonics 0 through 4 assures t h a t  t h e  lowes t  buckl ing  l o a d  
of the  complete s t r u c t u r e  has been found, which f o r  t h i s  problem is 12.961 for  
n = 4. 

5.8 Simply Supported Hexahedral T r u s s  P la t form 

The r e p e a t i n g  p o r t i o n  and the  s t r u c t u r e  t o  be ana lyzed  are shown i n  
f i g u r e  2. The inpu t  data is shown i n  t ab le  8. Th i s  problem i l l u s t r a t e s  a 
s t r u c t u r e  t h a t  is r e p e t i t i v e  i n  two d i r e c t i o n s  and c o n t a i n s  pin-ended members. 
I t  is desired t o  have s imply  suppor ted  boundary c o n d i t i o n s  f o r  a s q u a r e  
p l a t fo rm wi th  8 bays on a side. 
Of s imp le  suppor t .  Modes that  r epea t  over 16 bays produce s imply  suppor t ed  
boundary c o n d i t i o n s  f o r  an 8-bay platform. - T h i s  p l a t fo rm has symmetry such  
t h a t  modes cor responding  t o  harmonic m ,  n -have  t h e  same f requency  as harmonic 
m ,  -n. I t  can be shown t h a t  t h e s e  two modes can be combined t o  g i v e  simply 
suppor t ed  boundary c o n d i t i o n s .  If the s t i f f e n i n g  w a s  skewed o r  biased i n  one  
d i r e c t i o n ,  o r  had l o a d i n g s  been p resen t  t h a t  cause  asymmetrical member f o r c e s ,  
t he  f requency  f o r  t h e  m ,  n mode would n o t  be equa l  t o  t h e  m ,  -n mode and the  
two modes cou ld  no t  be combined. The mode would e x h i b i t  skewed nodal l i n e s  
t h a t  would n o t  conform t o  t h e  desired r e c t a n g u l a r  boundaries.  

Nodes i n d i c a t e d  by d o t s  are a long  t h e  l i n e s  

There are f o u r  nodes i n  t h e  r e p e a t i n g  p o r t i o n  and t h e  c o n n e c t i v i t y  is 
such  t h a t  some members p r o j e c t  beyond the r e c t a n g u l a r  boundary of the  complete 
s t r u c t u r e  which was gene ra t ed  by indexing the r e p e a t i n g  p o r t i o n  eight bays i n  
each d i r e c t i o n .  A l l  members a r e  pin ended s o  tha t  SPR i n  t h e  MEMber 
p r o p e r t i e s  is ? r e f e r r i n g  t o  t he  SPRing connec t ions  card. The data fo l lowing  
the  SPRing card i n d i c a t e s  s p r i n g  connec t ions  a t  f i v e  r o t a t i o n a l  degrees  of 
freedom. The v a l u e  of t h e  s p r i n g  c o n s t a n t  is  t a k e n  from t h e  f i r s t  number i n  
the R E A 1  number l ist  which g i v e s  a z e r o  s p r i n g  s t i f f n e s s .  One t o r s i o n a l  
deg ree  of freedom is r i g i d l y  connected t o  prevent  z e r o  f requency  t o r s i o n  modes 
of i n d i v i d u a l  members from appearing. A small nonzero IP for each member 
p r e v e n t s  t h e  t o r s i o n a l  i n e r t i a  from a f f e c t i n g  t h e  resul ts .  The parameter LC 
under t h e  SET card is set t o  1 t o  r e s t r a i n  a l l  g l o b a l  r o t a t i o n a l  freedoms 
s i n c e  t h e  i n d i v i d u a l  members have no r o t a t i o n a l  s t i f f n e s s .  

The complete s t r u c t u r e  cannot be gene ra t ed  by simply indexing  the  
r e p e a t i n g  p o r t i o n  independent ly  i n  t h e  two i n p l a n e  c o o r d i n a t e  d i r e c t i o n s .  
Similar nodes occur i n  a s t agge red  p a t t e r n  on both  s u r f a c e s .  To o b t a i n  
c o r r e c t  p l o t s  of t h e  s t r u c t u r e ,  IDUP i n  t he  PLOt  card  group m u s t  be  set t o  1 .  

The f i r s t  v i b r a t i o n  mode and f requency  a re  calculated f o r  harmonic 
r e sponses  one  through three i n  the x c o o r d i n a t e  d i r e c t i o n  i n  combination wi th  
each harmonic response  one through f i v e  i n  t h e  y c o o r d i n a t e  d i r e c t i o n .  
f requency  for  t h e  fundamental mode (first harmonic i n  both  d i r e c t i o n s )  is 

The 

4.4439. 
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T a b l e  1.- I n p u t  For Simply Supported Stepped Beam 

$ EXAMPLE 1 :  SIMPLY SUPPORTED STEPPED BEAM 
PLANE FRAME 
BUCKLING 
EXPLANATION 
COORDINATES 
1 0 . 0 . 0 .  2 4 0 . 0 . 0 .  3 1 0 0 . 0 . 0 .  
CONNECTION L I S T  
1 2 2  2 3 1  
DOF RESTRAINED 
1 0 0  3 0 0  $ DISPLACEMENTS AT EACH END ZERO 
1 3 0  1 4 0  1 5 0  $ OUT-OF-PLANE DISPLACEMENTS ZERO AT NODE 1 
$ THE FOLLOWING TWO DATA CARDS WILL CAUSE THE PREVIOUS DATA CARD TO APPEAR 
$ THREE TIMES WITH NODE NUMBERS INCREMENTED BY ONE TO RESTRICT OUT-OF-PLANE 
$ DISPLACEMENTS AT ALL THREE NODES 

$EXPANDED DESCRIPTION OF HEADINGS FOR CERTAIN OUTPUT 

= ( 1 )  ( 0 )  ( 0 )  ( 1 )  ( 0 )  ( 0 )  ( 1 )  ( 0 )  ( 0 )  
== ( 3 )  
MEMBER DATA 
$REF N O  SEC PRE REP OFF SPR SUB 

1 1 1  
2 2 1  

SECTION PROPERTIES 
$REF NO EA E I Y  C J  M IP EIX CT SFX SFY 

1 1 .  1 .  .5 
2 2. 8. 4. 

$REF NO PD PL 
PRELOADS 

-1 0. -9 .869604401  E-4 
PLOT 
$IPLOT VERT HORIZ INTM IDUP 

$VIEW(l )  VIEW(2) VIEW(3) AMP IVERT ROT 
2 4. 6. 1 0  

0. 0. 1. 3 .  -2 
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T a b l e  2.- I n p u t  For Simply Supported T a p e r e d  Beam 

$ EXAMPLE 2: SIMPLY SUPPORTED TAPERED BEAM 
PLANE' FRAME 
BUCKLING ~ 

COORDINATES 
1 0. 0. 0. 2 100. 0. 0. 
CONNECTION L I S T  
1 2 1  
DOF RESTRAINED 
1 0 0  2 0 0  $ DISPLACEMENTS AT E 

- -  

-1  
PLOT 
$IPLOT 

2 
$VIEW( 

0. 

VERT HORIZ INTM IDUP 

) VIEW(2) VIEW(3)  AMP IVERT ROT 
0; 1 .  3. -2 

4. 6. 10 

CH END ERO 
1 3 0  1 4 0  1 5 0  $ OUT-OF-PLANE DISPLACEMENTS ZERO AT NODE 1 
= ( 1 )  (0) (0) ( 1 )  (0) (0) ( 1 )  (0) (0) 
== ( 2 )  
MEMBER DATA 
$REF NO SEC PRE REP OFF SPR SUB 

1 0 0 0 0 0 1  
2 2 1  

SECTION PROPERTIES 
$REF NO EA EIY GJ M I P  EIX CT SFX SFY 

TAPER 
$REF NO MEMBER LENGTH NEL N C LENGTH RATIO 

PRELOADS 

2 2. 8. 4. 

1 2 0. - 1  1 .  -.5 

$REF NO PD PL 
0. -9 .8696044013-4  
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T a b l e  3.- I n p u t  F o r  T r u s s  With C e n t r a l  L o a d  

$ EXAMPLE 3: TRUSS WITH CENTRAL LOAD 
STRESS 
BUCKLING 
COORDINATES 
1 0. 0. 0. 2 0. 1 0 .  0. $ COORDINATES OF NODES 1 AND 2 
= ( 2 )  ( 1 0 . )  (0.) (0.) ( 2 )  ( 1 0 . )  $ INCREMENT NODES BY 2 ,  AND X BY 1 0 .  
== ( 1 1 )  
CONNECTION LIST 
1 3 1  
= ( 1 )  ( 1 )  
= (2) (2 )  
== ( 2 )  
== ( 1 0 )  
2 3 1  
= ( 2 )  ( 2 )  
== (5 )  
1 1  1 4  1 
= ( 2 )  ( 2 )  
== ( 5 )  
1 2 1  
= ( 2 )  ( 2 )  
== ( 1 1 )  
DOF RESTRAINED 
1 0 0  2 0 0  
2 1 0 0  2 2 0 0  
MEMBER DATA 
1 1  

$ REPEAT 1 1  TIMES 

$ CORD MEMBERS 
. .  

$ LEFT DIAGONALS 

$ RIGHT DIAGONALS 

$ VERTICALS 

SECTION PROPERTIES 
1 2 . E 9  2 .E7  1.E7 
LOADS 
$NODE DIRECTION VD VL 

1 2  2 0. -1 .E5 
PLOT 
2 4.  6. 5 
-1.  .5 -1 .  5. -2 

T a b l e  4.- I n p u t  F o r  T o w e r  With S t a y e d  C o l u m n s  

$ EXAMPLE 4: TOWER WITH STAYED COLUMNS 
INTEGER 
BUCKL I N G 
SECTION PROPERTIES 
$REF EA E I Y  G J  MASS/L POLAR I / L  E I X  CT SFX SFY 
1 . 2 4 E 1 0  . 3 8 E 8  . 3 E 8  
2 . 3 5 E 9  . 1 3 E 6  . 1 E 6  
3 .64E9  .77E6  .6E6 
4 . 2 2 E 9  
5 . 7 4 E 8  
6 . 1 5 E 9  
7 . 7 5 E 8  
8 . 1 E 1 0  . 4 E l l  . 75E9  

3 4  



T a b l e  4.- C o n c l u d e d  

MEMBER DATA 
1 1 1  
2 2  
= ( 1 )  ( 1 )  
=(7) ~ 

9 0 0 0 0 0 1  
10 0 0 0 0 0 2 
PRELOAD 
-1 0. -.1E7 
REAL NUMBERS 
0. 2.3817 47.6182 30.8040 17.9898 16.6666 15.3434 
3.1945 5.75 49.9999 99.9998 
12.5 10.83 21.65 99.2 6.25 . 5E5  .1E6 
E I  GENVALUES 
-1 -2 
CONNECTION L I S T  
SUB 1 
1 3 3  1 4 7  1 6 6  2 3 1  3 4 1  4 5 1  4 6 5  5 6 2  

COORDINATES 
SUB 1 
1 9 1 1 0  2 1 1 1 0  3 1 1 3  4 1 1 4  5 1 1 5  6 8 1 6  7 1 1 7  8 1 1 1  
CONNECTION L I S T  
SUB 2 
1 2 2  1 4 3  1 6 7  1 8 6  2 3 2  2 4 2  3 5 1  4 5 3  5 6 1  
6 7 1  6 8 5  7 8 2  7 9 1  8 9 2  8 1 0 4  9 1 0 1  
COORDINATES 
SUB 2 

7 1 1 5  8 8 1 6  9 1 1 7  1 0 1 1 1  
CONNECTION L I S T  
1 2 8  1 3 8  1 4 9  1 5 1 0  2 3 8  2 4 1 0  2 6 9  3 5 9  3 6 1 0  
COORDINATES 
1 -12 14 15 2 1 1 15 3 12 14 15 4 -16 13 1 5 1 14 1 
EARTH NODE 
6 16 13 1 
DOF RESTRAINED 
4 1 - 1 7  4 2 - 1 8  4 3 0  5 0 0  
STAY FRAMES 
3 4  
PLOT 
2 4. 6. 3 0 
3. 2. 1. 1. -3 0. 

5 7 1  6 7 2  6 8 4  7 8 1  

1 9 1 1 0  2 2 1 1 0  3 1 1 1 0  4 2 1 3  5 1 1 3  6 1 1 4  
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$ EXAMPLE 
V I  BRATI  ON 
BAND 
CRITERIA 
1.OE6 1.0 

Table  5.- Input  For Frame With Stepped And Tapered Members 

5: FRAME WITH STEPPED AND TAPERED MEMBERS 
. .  

-4 
SECT I ON PROP ERT IES 
$ EA E I Y  G J  M I P  E I X  CT 
1 2.OE9 2.OE7 1.OE7 1.OE2 3.OEO 4.OE7 0. $SMALL END 
2 2.2E9 2.662E7 1.331E7 1.1E2 3.993EO 5.324E7 0. $BIG END 
3 2.OE9 2.OE7 1 .OE7 1 .OE2 3.OEO 4.OE7 2 $ T H I R D  POINT NODE 2 
4 2;OEg 2.OE7 1 . O E 7  1.OE2 3.OEO 4.OE7 1 $THIRD POINT NODE 1 
5 2.OE9 4.OE7 1 .OE7 1 .OE2 3.OEO 2.OE7 .8 $SMALL, X-Y REVERSED 
6 2.2E9 5;324E7 1.331E7 1;1E2 3.993EO 2.662E7 .8 $BIG,  X-Y REVERSED 
MEMBER DATA 
1 1  
2 2  
3 0 0 0 0 0 2  
4 0 0 0 0 0 7  
5 0 0 0 0 0 4  
6 0 0 0 0 0 8  
7 0 0 0 0 0 1 0  
8 3  
9 4  
10 5 
1 1  6 
CONNECTION LIST 
1 2 1  4 6 1  
1 3 1  3 5 2  5 6 1  
2 4 7  
1 7 3  2 8 4  
4 9 5  6 1 0 6  
1 4 8  2 6 9  
COORDINATES 

UNIFORM SMALL 
UNIFORM B I G  
EXACT C=-0.09090909 
EXACT C=.1 TURNED AROUND 
PROFILED C=-0.09090909 
AUTO. PROFILED C=.1 TURNED AROUND 
STEPPED SYMMETRIC 
D I A G O N A L  t-4 
D I A G O N A L  2-6 
UNIFORM SMALL, X-Y REVERSED 
UNIFORM B I G ,  X-Y REVERSED 

UNIFORM HORIZONTALS 
EXPLICIT STEPPED SYMMETRIC SLOPING SIDE 
SUBSTRUCTURED STEPPED SYMMETRIC SLOPING SIDE 
EXACT TAPERED VERTICAL 
PROFILED TAPERED VERTICALS 
DIAGONALS 

1 0. 0. 10. 2 10. 0. 10. 3 0. 5. 13.75 
4 10. 20. 25. 5 0. 15. 21.25 6 0. 20. 25. 
EARTH 
7 0 . 0 . 0 .  8 1 0 . 0 . 0 .  9 1 0 . 2 0 . 1 5 .  1 0 0 . 2 0 . 1 5 .  
PROF I LES 
1 1.0 0.0 -0.09090909 1.0 $ 1 - 0.09090909"z/L 
-2 1 3.0 $ ( 1  - 
V A R I A T I O N  
$ EA E I Y  G J  M I P  E I X  PD PL 
1 1  2 2 1 2 2  
TAPER 
$ MEM L NEL N C 
1 1 10. -1 1 .1 $ 
2 2 10. -1 1 -0.09090909 0. $ 
3 1 10. 20 1 .1 1 .  $ 
4 2 10. 20 0 -1 1 .  $ 
5 10 6.25 $ 
6 11  6.25 $ 

EXACT C=.l 
EXACT C--0.09090909 
AUTO. PROFILED C ~ 0 . 1  
PROFILED C=-0.09090909 
UNIFORM SMALL 
UNIFORM B I G  



Table 5.- Concluded 

STEPPED 
7 -1 
8 -3 
9 5 6  
10 9 -9 
PLOT 
2 4. 6. 5 0 
4.  -2; 1 .  1 .  -3 0. 

$ EXACT (30.1 TURNED AROUND 
$ AUTO. PROFILED C5O.l TURNED AROUND 
$ HALF OF STEPPED SYMMETRIC MEMBER 
$ STEPPED SYMMETRIC MEMBER ~ 

Table 6.- I n p u t  For Hexagonal Frame 

c 

$ EXAMPLE 6: HEXACONAL FRAME 
PLOT 
2 4. 6. 3 0 
3. 2. 1 .  1 .  -3 0. 
V I B R A T I O N  
PLANE FRAME 
SET 
$ ICORD LC LR LS 
2 
CRITERIA 
$ CF FQ FP N D I V  

SECTION PROPERTIES 
1 2.290367 76.680 113.28 .8756 
2 1.68735 0 0 .008756 
PRELOAD S 
-1 -7.568 
-2 7.568 
MEMBER 
1 1 1  
2 2 2 1  
EIGENVALUES 
-2 -3 
CONNECTION LIST 
1 2 1  2 2 2  
COORDINATES 
1 0 0 0  2 1 0 0  
DOF RESTRAINED 
1 3 0  1 4 0  1 5 0  
2 5 0  2 3 0  2 4 0  
BAY INFORMATION 
$ Z J ( l )  ZJ(2)  ZJ(3) EN(1) EN(2) E N ( 3 )  

MODES 
$NL1 NU1 NL2 NU2 NL3 N U 3  

REPETITION 
$FINAL END OF MEMBER IS DISPLACED 1 BAY I N  THE NEGATIVE THETA DIRECTION 
1 0 - 1 0  

1 . ~ 6  5. 

0. 6. 0. I .  6. 1 .  

0 0 0 1  $RESPONSE I N  HARMONICS 0 ,  1 
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Table 7.- Input  For Cable S t i f f e n e d  Ring With Bicycle  Spoke Lacing 

$ EXAMPLE 7: CABLE STIFFENED R I N G  WITH BICYCLE SPOKE LACING 
BUCKLING 
INTEGER 
STRESS 
DEGREE 
RESET 
SMASPR=. 1 E-5 
PDELTA=. 01 
SECTION PROPERTIES 
1 .2873680E4 .O .O .97858003-4 .O 
2 .1034525E7 .448175E+2 .34476E+2 .3522888E-1 .O 
MEMBER DATA 
1 1 1 0 1  
2 1 1 0 4  
3 1  1 0 2  
4 1 1 0 3  
5 2  
6 2 0 1  
REAL NUMBERS 
0. 5.972239166 1.0530669 10. 20. 30. 
CONNECTION LIST 
1 2 5  1 4 6  1 5 1  2 3 5  2 6 3  
3 4 5  3 5 4  4 6 2  5 6 5  
COORDINATES 
1 2 1 1  2 2 4 1  3 2 5 1  4 2 6 1  5 1 1 3  6 1 1 - 3  
BAY INFORMATION 
0. 9. 0. 1 .  9. 1 .  
MODES 
0 0 0 4  
REPETITION 
1 0 - 1  0 
PRESTRAINS 
1 0. .0001979 
OFFSETS OF MEMBERS 
$ MEMBER JCORD El(1)  E l (2 )  El (3)  E2(1) E2(2) E2(3) 
1 1 0. 0. 0. .05185342239 .2940753717 0. 
2 1 0. 0. 0. 0. .2986119583 0. 
3 1 0. 0. 0. .1493059792 -.2586055418 0. 
4 1 0. 0. 0. .1919440669 -.2287500313 0. 
PLOT CARDS 
$ IPLOT VERT H O R I Z  INTM IDUP 
$ V I E W ( 1 )  VIEW(2) V I E W ( 3 )  AMP IVERT ROT 
2 4.  6. 7 0 
0. 0. 1 .  1 .  -2 0.  
EIGENVALUES 
-1 
SET 
2 
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Table 8.- Input  For Simply Supported Hexahedral T r u s s  Platform 

$ EXAMPLE 8: SIMPLY SUPPORTED HEXAHEDRAL TRUSS PLATFORM 
INTEGER INPUT 
VIBRATION 
SET 
$ ICORD LC LR LS 
1 1  
SECTION PROPERTIES 
1 3585000 224062.5 172304.1 .1384 .1E-7 
2 71 7000 4481 2.5 34460.8 .02768 .1E-7 
3 5736000 358500. 230700. .22144 ;1E-7 
MEMBERS 
1 1  0 0 0 1  
=(1)  (0 )  (0)  (1 )  (0 )  (0) 
= = . ( 6 )  , 

7 2 0 0 ' 0  1 
=(1) (0) (0 )  (1) (0) (0) 
== '  ( 4 )  
1 1 3 0 0 0 1  
1 2  3 0 5 0 1 
1 3 3 0 3 0 1  
1 4  3 0 6 0 1 
15 3 0 4 0 1 
REAL NUMBERS 
0 7.5 
CONNECTION LIST 
1 3 1  1 3 2  1 3 3  1 3 4  1 1 5  
1 1 6  1 4 7  1 2 7  1 2 8  1 2 9  
1 2 1 0  2 2 1 2  2 2 1 3  2 4 1 1  2 4 1 2  
2 4 1 4  2 4 1 5  2 3 7  
COORDINATES . 
1 1 1 1  2 1 2 2  3 1 2 1  4 1 1 2  
BAY INFORMATION 
7.5 7.5 0; 16. 16. 1 .  
MODES 
$ NL1 N U 1  NL2 NU2 NL3 N U 3  
1 3 1 ' 5 0 0  
REPETITION 
1 1 - 1 0  
2 0 - 2 0  
3 -1 -1 0 
4 1  1 0  
5 - 1  1 0  
6 0 2 0  
SPRING CONNECT IONS 
1 0 0 0 1 1 0 0 0 0 1 1 1  
PLOT 
2 4. 6. 0 1 
1000. 1000. 100. 1 .  3 0. 
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( a )  Co lumn w i t h  N = 3 .  

A+* 
( b )  End v i e w s  f o r  N = 3 ,  4 ,  o r  5.  ( c )  R e p r e s e n t a t i v e  h a l f  f rame.  

F i g u r e  1 . -  T y p i c a l  s t a y e d  c o l u m n  s u b s t r u c t u r e .  

UPPER SURFACE 
LOWER SURFACE?:; . . .. 4 NODES 

REPEATING ELEMENT 
S I  MPLE SUPPORT 
(ALSO ON LOWER SURFACE NODES) 

162 NODES 

F i g u r e  2 . -  S i m p l y  s u p p o r t e d  h e x a h e d r a l  t r u s s  p l a t f o r m  i l l u s t r a t i n g  
r e p e t f t i o n  i n  t w o  d i r e c t i o n s .  



REPERTING ELEMENT 

298 NODES 

3 

1 A, 

UNDEFORMED STRUCTURE 

1788 

3 

NODES 

1 A 
F i g u r e  3.- Dome structure with stiffened hole illustrating rotational 

periodicity . 
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1 

Z I 

I INITIAL END u- 

( a )  C T  < 1. 

Z NODE CT 
1 

ZG 

INITIAL END 
p 5 9oo 

* 'G 

X G  
( b )  C T  2 1. 

L 

F i g u r e  4 . -  L o c a l  member c o o r d i n a t e  s y s t e m  i l l u s t r a t i n g  u s e  o f  CT 
t Q  o r i e n t  t h e  x - a n d  y a x e s .  
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CONNECT I V I  T Y 
1 2 -1  

= ( 1 )  ( C 1 )  
== (5 )  

. 

4 3 

F i g u r e  5 . -  A u t o m a t i c  g e n e r a t i o n  o f  a c l o s e d  l o o p  s t r u c t u r e .  

2 1  

5 

COORDINATES 
1 0 .  

= ( 1 )  ( 4.) 
= ( 1 1 1 )  ( - 2 . )  
== ( 1 1 1 )  
== ( 6 )  
CONNECT1 VITY 

1 2 
= (0) ( 1 )  
= ( 1 )  ( 1 )  
= ( 1 1 1 )  ( 2 1 1 )  
= =  ( 2 )  
==  ( 1 1 1 )  
== (5) 

= ( 1 )  ( 1 )  
= ( a 1 1  ( 2 1 1 )  
== ( 1 1 1 )  
== ( 5 )  

2 3 

0. 0. 

(5 .1  

1 7y 

-X 
1 

$NUMBER OF NODES ON A S I D E  

$SLANTED MEMBERS 

$NUMBER OF MEMBERS ON A S I D E  
$HORIZONTAL MEMBERS 

$NUMBER OF MEMBERS ON A S I D E  

F i g u r e  6 . -  I l l u s t r a t i o n  of i n c r e m e n t i n g  f e a t u r e  of  a u t o m a t i c  d a t a  
g e n e r a t i o n  c a p a b i l i t y  a p p l i e d  t o  a t r i a n g u l a r  g r i d .  



EIGENVALUE NO. 1 1.2833 kl 

F i g u r e  7 . -  B u c k l i n g  m o d e  of s i m p l y  s u p p o r t e d  s t e p p e d  b e a m .  

2 

EIGENVALUE NO 1 1.871111 

( b )  B u c k l i n g  m o d e .  

F i g u r e  8 . -  T r u s s  w i t h  c e n t r a l  l o a d .  

44 



3 

UNDEFORflED STRUCTURE 1 

( a )  Tower  c o n f i g u r a t i o n .  ( b )  S t a y e d  columns, ,  

F i g u r e  9 . -  T o w e r  w i t h  s t a y e d  c o l u m n s .  

6 

3 

UNDEFORflED STRUCTURE L-2 4% 

F i g u r e  1 0 . -  Frame w i t h  s t e p p e d  a n  d t a p e r e d  m e m b e r s .  
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/CABLE 

REPEATING ELEMENT n = 0 f = 14.7 n = 0 f = 22.5 

n = 2 f = 22.8 n = ?  f = Z 8  n = 3 f = 22.8 

n = 1 f = 28.6 n = 1 f = 28.6 n = 0 f = 29.5 

F i g u r e  1 1 . -  V i b r a t i o n  m o d e s  o f  h e x a g o n a l  f rame.  

3 

5 

6 

REPEATING ELEMENT 

1 
UNDEFORMED STRUCTURE 

F i g u r e  1 2 . -  C a b l e  s t i f f e n e d  r i n g  w i t h  b i c y c l e  s p o k e  l a c i n g .  
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